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Vapor-liquid  Equilibria  in  Hydrocarbon  Systems 


Introduction 

The  study  of  vapor- liquid  equilibria  in  hydrocarbon 
systems,  under  high  pressure,  is  of  great  importance  both 
from  a  theoretical  and  a  practical  point  of  view.  Until 
recent  years  (1930  on),  little  work  had  been  done  on  the 
solubilities  of  gases  at  high  pressures  except  for  such 
gases  as  nitrogen,  o: .3 g  ,  hydrogen  and  carbon  dioxide. 

The  publication  of  a  report  on  TTThe  Function  of 
Natural  Gas  in  the  Production  of  Oil”  by  Miller  (£6), 
seems  to  mark  the  beginning  of  a  period  of  intensive  study 
of  vapor- liquid  equilibria  at  high  pressures  in  hydro¬ 
carbon  systems. 

The  report  draws  attention  to  the  great  importance 
of  conservation  of  gas  in  the  production  of  oil*  The 
following  points  are  shown  to  be  of  importance. 

Gases  dissolved  in  the  crude  petroleum,  in  under¬ 
ground  formations,  form  the  chief  expulsive  force  in  most 
oil  fields. 

B.  The  amount  of  gas  dissolved  in  crude  oil  appears 
to  be  in  direct  proportion  to  the  pressure. 

0.  The  dissolved  gases  reduce  both  the  viscosity  and 
surface  tension  of  the  crude  oil  in  proportion  to  the 


■ 


ft 
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amount  and  nature  of  the  gas  dissolved.  Such  a  reduction* 
in  viscosity  and  surface  tension*  makes  it  easier  for  the 
oil  to  drain  through  the  sands.  It  is  evident  that  it  is 
desirable  not  to  waste  natural  gas  occurring  in. petroleum 
servoirs  if  the  maximum  production  of  crude  oil*  at  min¬ 
imum  cost,  is  to  be  obtained. 

The  report  definitely  shows  that,  where  gas  is  us 
efficiently,  the  wells  have  a  longer  period  of  flowing 
life  and  a  more  economical  production. 

At  the  time  of  this  report  (1929)  relatively  little 
data  on  the  solubility  of  natural  gases  in  crude  oils  and 
the  physical  properties  of  such  systems  was  available. 

Such  information  is  of  importance  in  the  study  of  the 
mechanics  of  processes  occurring  in  oil  formations  and 
estimation  of  oil  reserves. 

The  study  of  vapor-liquid  equilibria  in  hydrocarbon 
sy stems  is  also  of  imp o r t an c e  to  i n d us try .  In:  , 

particularly  in  the  chemical  industries  and  petroleum 
refining,  the  trend  has  been  towards  the  application  of 
higher  operating  pressures.  In  the  design  of  equipment  for 
such  processes,  a  knowledge  of  the  solubilities  of  gases 
in  liquids,  at  pressures  above  those  for  which  data  exists, 
has  been  found  necessary.  This  is  due  to  the  fact  that 
under  high  pressures  (  40  to  50  atmospheres  and  more)  the 


behavior  of  gases,  and  particularly  of  hydrocarbon  gases, 
deviates  greatly  from  the  ideal  gas  law  and  simple  modi¬ 
fications  of  it. 

Examples  of  processes  for  which  such  data  might  be 
necessary  are: 

(1)  The  separation  of  gases  by  preferential  solution 
in  a  suitable  scrubber  liquid. 

(2)  Condensation  of  vapors  in  the  presence  of  a 
non-condensable  gas. 

(5)  Rate  of  chemical  reaction  may  be  controlled  by  the 
solubility  of  a  gas. 

A  theory,  based  on  thermodynamics,  has  been  formulated 
for  the  explanation  of  the  vapor-liquid  equilibria  of  hydro¬ 
carbon  systems  but  insufficient  experimental  data  for  a 
test  of  the  theory  has  as  yet  been  obtained. 

The  study  of  vapor-liquid  equilibria  in  hydrocarbon 
systems' in  this  laboratory,  was  undertaken  with  the  view  of 
its  application  to  the  Turner  Valley  oil  field  and  also  to 
obtain  data  to  test  the  theory  mentioned  above.  The  work 
in  this  laboratory  was  started  in  1932  by  Argue  (2)  and 
continued  from  1934  to  1936  by  Johnson  f 18 ) .  The  lack  of 
data,  on  the  vapor- liquid  equilibria  of  simple  hydrocarbon 
systems,  made  it  necessary  to  study  such  systems  before  the 
study  of  complex  systems  found  in  oil  horizons  could  be 


undertaken.  Two  component  systems  or  at  the  most,  three 
component  systems,  were  studied  under  equilibrium  condi¬ 
tions  up  to  the  critical  pressure  of  complete  miscib¬ 
ility  of  components  (where  possible). 

This  thesis  is  a  continuation  of  the  previous  work 
done  in  this  laboratory  (2,18).  It  is  divided  into  two 
main  parts, and  a  third  short  one. 

Part  I 

A.  The  vapor-liquid  equilibria  in  a  methane-pentane- 
isopentane  system. 

B.  The  preparation  of  pure  methane  and  its  use  in  the 
study  of  the  vapor-liquid  equilibria  of  the  methane-n 
heptane  system. 

Part  II 

In  addition  to  the  work  outlined  above,  a  description 
of  methods  and  apparatus  required  for  accessory  measure¬ 
ments  has  been  included.  Cf  these,  a  method  of  deter¬ 
mining  the  mean  molecular  weights  of  a  naturally  occurring 
naphtha  (Sterling  Pacific  ho.  2  )  and  its  fractions  is  suf¬ 
ficiently  important  to  describe  in  detail.  The  method 
offers  a  convenient  means  of  characterizing  the  liquid 
fractions  recovered  from  solubility  measurements. 


Part  III 

The  next  stage  in  the  investigation  is  the  study  of 
the  vapor- liquid  equilibria  in  complex  hydrocarbon 
systems  such  as  those  found  in  huiier  Valley.  iddit ional 
apparatus  required  in  this  next  stage  has  been  devised. 

A  description  of  this  apparatus  has  been  included. 
Preliminary  experiments  on  the  P  -  V  curve  of  the 

(]  2)  a  1  pas  have  been  conducted. 
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Part  I 

literature  Review 

A  relatively  "brief  review  of  the  literature  is  pre¬ 
sented.  Attention  is  given  principally  to  the  report  of 
other  work  related  most  closely  to  the  present  problem. 

Of  the  earlier  work  on  liquid,  non- hydro car b on  systems * 
principal  reports  are  those  of  Wroblewski  (51) , 

Sander  (43)  and  Hachnel  (15A)  on  the  solubility  of  carbon 
dioxide  in  water  and  some  organic  solvents.  More 
recently,  much  work  has  appeared  covering  a  wider  range 
of  pressures  and  dealing  with  such  systems  as  nitrogen 
and  water.  A  few  of  the  important  papers  are  mentioned 
below. 

larsen  and  Black  (22),  in  connection  with  studies  of 
the  synthetic  ammonia  process,  determined  the  solubility 
of  nitrogen  and  hydrogen,  mixtures  in  ammonia  over  a  wide 
range  of  conditions.  The  summary  given  for  their  work  is 

as  follows,  quote: 

"The  solubility  of  a  mixture  of  hydrogen  and 
nitrogen  (3:1)  in  liquid  ammonia  has  been  determined 
through  a  temperature  range  -25.2°C  to  22.0°C  and  at 
pressures  of  50,  100  and  150  atmospheres.  The  temper¬ 
ature  coefficient  is  positive.  The  solubility  of  the 
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3:1  mixture  of  hydrogen  and  nitrogen  more  than  doubles 

. 

oonforms  olosely  to  Henryk  law  of  gas  solubility#" 
unquote. 

Saddington  and  Erase  (37)  studied  the  vapor-liquid 
equilibria  in  the  system  nitrogen- water.  They  worked  up 
to  pressures  of  300  atmospheres  and  to  temperatures  of 
250°C . 

They  found  that,  •  as  predicted  by  Eeunen  f  19 A)  and 
others,  the  solubility  of  nitrogen  in  water  passes  through 
a  minimum  point  in  the  neighborhood  of  70°  to  80°G. 
Pressure  caused  a  decided  increase  in  the  amount  of 
dissolved  nitrogen  but  Henry’s  law  did  not  explain  the 
increase  quantitatively.  They  recommended  that, liquid 
phase,  density  measurements  be  made  in  order  to  test  the 
applicability  of  Poynting's  relation  for  the  calculation 
of  vapor  phase  compositions  from  the  compressibility  of 

i 

the  solution. 

Wiebe  and  Gaddy  (48)  worked  on  the  solubility  of 
hydrogen  in  water  at  0,  50,  75  and  10G°0.  from  25  to  1000 
atmospheres  pressure. 

The  solubility  of  hydrogen  in  water  showed  a  minimum 
within  the  experimental  range.  They  conclude  that, 
"existing  data  show  that  minima  are  a  general  phenomenon 


that  can  be  deduced  from  the  known  behavior  of  mixtures 


and  not  necessarily  dependent  on  specific  properties  of 
the  solvent  or  solute.” 

,/iebe  and  Daddy  (49)  also  studied  the  solubility  of 
heliiim  over  a  similar  range  of  conditions  as  those  used 
for  nitrogen.  like  hydrogen  and  nitrogen,  helium  showed 
a  minimum  of  solubility  (at  a  lov/er  temperature). 

Krichevskii  and  Kazamovskii  (21)  report  on  a  method 
for  the  calculation  of  the  solubilities  of  nitrogen  and 
hydrogen  in  water  at  high  pressures. 

The  m e t ho d ,  whi le  based  in  par t  upon  the rrn o dyn am i c 
theory,  is  to  some  extent  empirical  and  is  not  of  general 
application.  The  method  fails  when  the  mutual  solubilities 
of  the  components  mailing  up  the  system  are  great. 

The  more  useful  part  of  the  literature,  as  far  as 
the  present  work  is  concerned,  is  that  dealing  with 
hydrocarbon  systems.  This  is  somewhat  scanty  compared  to 
the  literature  reviewed  but  it  is  growing  rapidly.  The 
earliest  comprehensive  study  is  that  of  McDaniel  (25). 

He  determined  the  solubility  of  hydrocarbon  gases  in 
organic  liquids,  at  different  temperatures,  at  atmos¬ 
pheric  pressure.  The  work  is  considered  classic,  in  being 
reliable  and  it  initiated  far  reaching  studies. 

Mills  and  Heithecker  (27)  worked  on  the  solubility  of 
a  natural  gas  in  crude  oil  and  found  that  the  volume  of 
the  oil  increased,  and  that  the  specific  gravity  decreased. 


as  the  amount  of  gas  dissolved  increased, 

Beeoher  and  Parkhurst  (4),  and  also  Do w  and  Calkin  (7) 
confirmed  these  results  and  showed  that  increasing  temper¬ 
ature  decreased  the  solubility  of  the  gas. 

Frolich  (12)  and  his  co-workers  studied  the  solubili¬ 
ties  of  methane,  hydrogen  and  nitrogen  in  a  series  of  sol¬ 
vents  up  to  pressures  of  100  to  140  atmospheres  in  the 
case  of  methane  and  as  high  as  200  atmospheres  in  the  case 
of  hydrogen  and  nitrogen. 

They  draw  the  following  conclusions. 

(1)  If  a  gas  does  not  form  a  chemical  compound  with  the 
solvent,  it  follows  Henry !s  law  over  a  wide  range  of 
pressure  within  the  limits  of  error  allowed  in 
engineering  calculations. 

(2)  ^he  solubilities  of  hydrogen,  nitrogen,  oxygen  and 
methane  may,  for  practical  purposes,  be  considered 
linear  functions  of  the  recorded  absolute  pressures 
(depending  upon  the  extent  to  v/hich  the  solute  and 
solvent  obey  the  perfect  gas  laws).  If  corrections 
for  deviations  from  the  gas  law  are  made,  the  linear 
relation  holds  to  high  pressures. 

Probably  as  a  result  of  the  report  made  by  Hiller  (26) 
and  of  recent  developments  in  the  petroleum  industry,  the 
American  Petroleum  Institute  is  supporting  a  comprehensive 
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study  of '’Phase  Squill  in  Hydrocarbon  Systems’. 

Sage  and  Lacey  (38)  and  co-workers  are  publishing  a 
series  of  papers  on  this  project.  Their  first  results 
(39)  deal  with  the  methane-propane  system.  Regions  of 
"retrograde  condensation"  were  observed.  "Retrograde 
condensation"  refers  to  the  phenomenon  of  evaporation  or 
transfer  of  vapor  from  the  liquid  to  the  gas  phase  which 
occurs  when  the  gas  pressure  is  increased  at  constant 
temperature.  The  phenomenon  was  observed  over  a  range  of 
pressures,  starting  at  some  pressure  below  the  critical 
pressure  of  complete  miscibility  of  components  and  be¬ 
coming  more  pronounced  as  the  critical  pressure  is 
approached. 

Sage  and  Lacey  (40)  draw  some  important  conclusions 
from  their  study  of  the  solubility  of  a  dry  natural  gas 
in  crude  oil.  Quote,  "When  dealing  with  hydrocarbon 
systems  involving  volatile  constituents  in  the  original 
liquid  phase,  the  term  ’solubility1,  in  its  strict  sense, 
cannot  be  applied.  The  process  whereby  equilibrium  is 
attained  between  the  liquid  and  the  added  gas  does  not 
consist  merely  of  a  partial  dissolving  of  the  latter,  but 
involves  a  mutual  interchange  of  constituents  between-  the 
two  phases;  the  composition  of  both  phases  changing  with 
pressure. " 

A  simple  dissolving  process  occurs  only  if  the  tern- 
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perature  of  the  system  is  well  "below  the  critical  temper¬ 
ature  of  the  solvent  and  the  pressure  of  the  system  well 
below  the  critical  pressure  of  complete  miscibility  of’ 
the  mixture. 

The  solubility  of  a  dry  natural  gas  in  any  given  crude 
oil  at  100 °F.  was  found  to  be  almost  directly  proportional 
to  the  saturation  pressure.  A  simple  solution  of  the  gas 
in  the  oil  was  assumed. 

A  change  in  the  gas  composition  was  found  to  have  a 
marked  effect  upon  the  solubility.  Pure  methane  was  found 
to  be  much  less  soluble  than  a  dry  natural  gas  containing 
8.6%  ethane  and  6.6%  propane.  In  the  early  work  in  this 
laboratory,  the  same  phenomenon  was  noted  by  Johnson  (18). 

Sage  and  Lacey  (41),  in  work  upon  the  solubility  of 
propane  in  different  oils,  found  that  the  solubility  of 
propane  in  an  oil  increases  rapidly  as  its  partial 
pressure  approaches  the  vapor  pressure  of  pure  propane. 

The  apparent  specific  gravity  of  the  dissolved  pro¬ 
pane  is  greater  than  that  of  pure  saturated  propane 
liquid  at  the  same  temperature. 

The  lav/s  of  ideal  solution  appear  to  apply  to  pro¬ 
pane  rather  closely  when  it  is  dissolved  in  crystal  oil 
(a  highly  refined  oil  containing  no  volatile  constituents). 

The  results  of  an  investigation  on  the  pressure- 
volume-temperature  relations  and  themal  properties  of 


*  V. 
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•ane  ar  lv  b  a  ,  ol  and  Lacey  (4-2)  • 

Further  reports  on  various  hydrocarbon  systems  studied 
by  Sage  and  Lacey  and  their  co-workers  are  to  be  found 
in  the  volumes  of  Industrial  and  Engineering  Chemistry 
1935,  1936,  1937  and  1938. 

Previous  work  from  this  laboratory  (U.  of  A.)  deals 
with  the  methods  and  apparatus  (18A)  and  concerned  the 
investigation  of  a  number  of  systems  which  were  substant¬ 
ially  two-component  systems.  (18)  The  liquids  studied  were 
n  heptane,  cyclohexane,  benzene  and  toluene.  Since  the 
report  (18)  on  these  liquids,  Johnson  has  studied  hexane, 
methyl  cyclohexane  and  n  pentane.  The  gas  used  was 
largely  methane  with  small  amounts  of  nitrogen.  The 
conditions  of  the  experiments  included  temperatures  from 
25°C.  to  115°C# and  pressures  to  5400  lb.  per  sq.  inch, 
except  in  cases  where  the  system  had  a  critical  pressure 
of  complete  miscibility  of  the  components  which  was 
lower  than  this  maximum  pressure. 

Johnson  ( 1 B )  concludes  that  the  ideal  gas  laws  fail 
to  express  the  behavior  of  the  systems  studied.  Henry’s 
law  holds  good  to  pressures  up  to  approximately  one  third 
of  the  critical  pressure  of  complete  miscibility,  but 
fails  to  explain  the  experimental  results  above  this 
pressiire.  The  rapid  increase  of  solubility  with  pressure 
resulting  in  a  single  phase  system  probably  explains  this. 
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Poynting's  law  fails  at  very  low  pressures.  This  is 
explicable  on  the  basis  of  the  great  mutual  solubility  of 
the  components  in  the  systems  studied.  The  great  mutual 
solubility  results  in  the  two  phases  becoming  more  and  more 
alike  as  the  pressure  is  increased.  The  comparison  of 
different  systems  showed  agreement  with  predictions;  the 
lowest  critical  pressures  occurred  with  paraffinic  hydro¬ 
carbon  systems,  the  intermediate  critical  pressures  with 
the  c37*cloparaff ins  or  naphthenic  hydrocarbons,  and  the 
highest  critical  pressures  with  aromatic  hydrocarbons. 

This  order  is  to  be  expected  as  the  mutual  solubility  of 
methane  with  other  hydrocarbons  decreases  as  the  molecules 
become  more  unlike,  that  is  in  .the  order  paraffins,  cyclo¬ 
paraffins  and  aromatics. 
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Theoretical  Considerations 

Most  of  the  equations  developed  for  the  equilibrium 
in  two  component -two  phase  systems  have  been  for  systems 
in  which  the  two  compounds  are  relatively  immiscible  and 
such  equations  are  not  readily  applicable  to  the  predic¬ 
tion  of  the  properties  of  complex  hydrocarbon  systems. 

Johnson  ( 1 8 )  has  given  a  very  good  review  of  the 
literature  dealing  with  efforts  to  correlate  experimental 
results  obtained  for  various  systems  with  various  formulas 
and  theoretical  equations. 

For  the  general  study  of  equilibrium  in  two-component 
-two  phase  systems  the  Phase  Pule,  F*  C  -  P  +  2  may  be 
used.  If  one  condition,  e.g.  temperature,  pressure,  or 
volume  is  fixed  arbitrarily,  F  =  if  and  the  behavior  of 
the  system  is  univariant  and  can  be  represented  graphi¬ 
cally  by  a  line.  The  results  for  previous  work  done  in 
this  laboratory  are  plotted  in  this  way. 

Gibbs  ( 13 )  gives  a  qualitative  treatment  of  the 
general  case  of  a  mixture  of  gases.  He  neglected  the  sol¬ 
ubility  of  the  gas  in  the  liquid. 

Hoozeboom  (36)  took  into  account  the  solubility  of 
the  gas  in  the  liquid  (assuming  it  to  increase  with 
pressure).  He  predicted  the  existence  of  a  critical 
pressure  above  which  the  system  becomes  a  single  phase. 
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The  gas  and  liquid  are  miscible  in  all  proportions  above  a 
certain  pressure.  This  has  been  confirmed  by  Johnson1 s 
work  ( 18) ,  Critical  pressures  were  reached  for  most  of 
the  hydrocarbon  systems  at  pressures  within  the  experimental 
limits  ( 5400  ycf  in  this  case ) . 

Henry's  law  and  Raoult's  law  are  applicable  to  hydro¬ 
carbon  systems  only  at  low  pressures. 

Randall  and  Sosnick  (34)  have  shown  that  Dalton's 
law  is  not  applicable  to  gaseous  solutions  if  one  component 
is  a  vapor  existing  in  a  concentration  above  that  corres¬ 
ponding  to  its  normal  vapor  pressure. 

An  equation  applicable  to  systems  of  highly  miscible 
gases  and  liquids  such  as  hydrocarbon  systems  is  desirable. 
It  is  also  desirable  to  consider  both  phases. 

Such  equations  can  be  developed  by  the  use  of  the 
differential  calculus,  but  they  are  of  little  practical 
application  until  the  various  coefficients  have  been  de¬ 
termined  experimentally.  The  increasing  amount  of  experi¬ 
mental  work  being  done,  in  recent  years  on  phase  equili¬ 
bria  in  hydrocarbon  systems,  is  rapidly  supplying  data 
from  which  such  coefficients  can  be  computed. 

The  following  development  of  such  differential  equa¬ 
tions  is  due  to  Boomer  (6)  and  Johnson  (18B). 
nomenclature :  Single  primes  refer  to  the  gas  phase  and 
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double  primes  to  the  liquid  phase.  Subscript  1  refers 
to  the  gaseous  component  and  subscript  2  to  the  liquid 
component  • 

The  symbols  have  the  meaning,  I?  for  free  energy, 

S  f o r  entropy,  X  for  mol.  fraction,  n  for  mol  number, 
and  P,  T,  V  as  usual. 

If  the  system  is  maintained  in  a  state  of  equili¬ 
brium,  for  any  change  in  conditions  it  must  be  true  that. 


and 


dF,'  =  d  F," 

a  F l  -  d  f2" 


(1) 

(2) 


Differential  calculus  and  thermodynamics  give  the 


Prom  the  above  and  equation  (2) 


This  may  be  written 


£  (3) 


The  equation  for  component  1  is 


. 


, 


The  coefficients  in  equations  (3)  and  (4)  must  be 
evaluated  by  experimental  data  before  the  equations 
become  of  practical  importance.  Sufficient  experimental 
data  on  the  systems  studied  in  this  laboratory  has  not  yet 
been  obtained  to  allow  of  evaluation  of  these  coefficients. 

The  pressure-volume-temperatures  relations  of  the 


individual  phases  as  a  function  of  composition  are  required. 
A  qualitative  explanation  of  the  experimental  curves  for 
the  liquid  phase  can  be  made  by  means  of  the  following 
development  based  on  a  suggestion  due  to  Gillespie  (14). 


For  a 

sii 

igle  phase,  two 

component 

system: 

n‘( 

d  F, 

ax, 

)  + 

)  ,  0  , 

and  i 

ll 

or 

(AL 

Uxi 

1 J 

7?  2.  f  c)  ^2.  \ 
m  r  W  X  /  / 

II 

'  <)h  ) 

<  3  Xz  J 

(4)  a 

Substituting  in  equation  (4)  above, 

■  A  5:JT  =  Av,  Jp  +  Ai  (lAijc/X,' -  AL 

V  KdX/)  n!' 


J  F: 


d  X- 


// 


■  ltiply  by  and  substi'  uti  dX,  -  ’X-  dX,  - 

HLa  S  clT  -nLAV.jp  -  (Lfi)  dxl  +  Ai.nl  jx" 

n£  [  vi  r  l ax,'  J  2.  PfiTx?)  z - 


Adding  equation  (3)  above. 


>?/  A  5i  -f-ASJd  T 


(ni 

\nx 


For  isothermal  conditions,  dT  =  0.  The  above 


equation  can  then  be  rearranged  to  the  form; 
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This  equation  states  the  variation  in  composition  of 
the  liquid  phase  with  pressure  at  constant  temperature. 

If  the  denominator  in  equation  (5)  does  not  become 


infin: 

ite, 

0 

\d p  Jr 

when 

n,'  A 

(7/ 

+  -  0 

or 

'V  , 
”, 

W 

-  + 

n'  - 

(  of. 

development 

oi 

■  equations  3 

and  4. 

Assume  as  a  rough  approximation  that 
is  are  gas  so  that  , 

-  O 


/ 


—  // 


^2 


the  gas 


=  O 


phase 


then  V7/  V// 

'.Then  the  molal  volume  of  the  gaseous  component  is 
the  same  in  each  phase^  the  composition  of  the  liquid 
phase  does  not  change  with  pressure  at  constant  temper¬ 


ature. 


a  p 
a  p 


'/ 


r  0 


T 


Bassett  (BA)  has  shown  this  to  be  the  case  for 
nitrogen  in  water.  The  evidence  is  the  maximum  found  in 
the  solubility- pres  sure  curve  at  2900  atmospheres. 

If  the  critical  pressure  for  the  particular  system 
and  temperature  chosen  occurs  at  a  pressure  lower  than 

that  corresponding  to, 

—  /  _  7Z 

V,  -  h 

the  coefficient  is  never  zero.  As  the  critical  pressure 


-±o- 


/  ff 

Rl  .  Rir-  ipp roaches  1. 

n~r 

of  equation  (5)  approaches  zero.  Hence,  at  the  critical 
pressure.  //  > 

b  Xz  )  -  oO  . 

dp  1 T 

This  takes  place  in  hydrocarbon  systems  as  had  been 
shown  in  the  experimental  results  of  Johnson  (18).  From 
equation  (5),  then,  it  may  be  predicted  that  the  pressure- 
composition  curve  for  the  liquid  phase  will  show  a  curva¬ 
ture  concave  to  the  pressure  axis  at  low  pressures,  since, 

(tx?  ) 

— J-j-  decreases  with  increasing  pressure. 

As  the  phases  approach  identity  with  higher  pressures, 
the  curve  will  change  direction,  becoming  convex  to  the 
pressure  axis  and  ultimately  at  the  critical  pressure, 
becoming  parallel  to  the  composition  axis,  as, 

'ax*  ]  -  oo 


d  P  /T 

The  above  type  of  discussion  may  be  extended  to  the 
gaseous  phase.  By  a  similar  method  the  following  equation 
can  be  developed  for  the  vapor  phase, 


'<3p  'j 


l^AV,  +  ) 

dfl 

ax/ 


ill  .  nz  , 


(6) 


This  equation  states  the  variation  in  composition  of 


the  vapor  phase  with  pressure,  at  constant  temperature 
Assuming  the  denominator  in  (6)  does  not  become 
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infinite, 


a  Xl 

6  P  J  j 


-  0 


when 

or 


AV,  +  AV2 


n, 

n'rvf  -  n?V,"  + 


-  o 


n'f\A  -  0  . 


/V  ys. 

i  that,  Hi  ~  ^  y 


then 


V, 


vT 


2  -  ^  , 

i.e.  when  the  molal  volume  of  the  liquid  component  is  the 
same  in  each  phase,  the  composite  oil-pressure  curve  will 
parallel  the  pressure  axis.  Evidently,  at  pressures 
below  this  point,  the  slope  of  the  curve  becomes  increas¬ 
ingly  great,  since  the  difference  in  molal  volumes  increase 
Lting's  rule).  However,  if  the  gas  is  soluble  to  any 
in  the  liquid  the  assumption  that  -  O  is 
incorrect,  and  also,  changes  ii  AN A  and  AV^  must  be 
considered. 

The  quantity,  A\4  )  is  always  positive  and  approaches 
zero  as  the  pressure  approaches  the  critical  value.  -A\// 
is  negative  for  solutions  of  the  simple  type  in  question, 
and  increases  with  increasing  pressures  to  zero  at  the 


critical  pressure.  At  low  pressures, 


n , 


is  small  and 


increases  with  increasing  pressure  to  a  maximum  at  the 
critical  pressure.  It  is  evident  that  at  some  pressure 
below  the  critical  the  numerator  of  equation  (6)  vanishei 
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and  ( &  X^_  )  n  0  . 

I  dp  JT 

Below  this  pressure #  the  vapor  oont<  the  gas  phase 

expressed  as  a  mass  ratio,  decreases  with  increasing 
pressure  to  a  minimum  at  i  , 

thereafter,  with  increasing  pressure  to  the  critical 
point.  This  has  been  found  to  be  the  case  experimentally. 
The  greater  the  solubility  of  the  gas  in  the  liquid,  the 
lower  will  be  the  pressure  of  minimum  vapor  content  in  the 
gas  phase. 

As  the  critical  pressure  is  approached  and  the  phases 
anproac'  identit  ,  fl.L-  .  n 4.  approaches  1, 

nl'  n/ 

and  the  denominator  of  equation  (6)  vanishes,  giving 

IAX/  )  ~  OxO 

Up  Jt 

At  this  point,  the  critical  pressure,  the  composition- 
pressure  curve  is  parallel  to  the  composition  axis  and 
represents  the  point  of  union  of  the  gas  phase  and  liquid 
phase  curves. 

By  a  similar  method  of  approach  the  composition  of  the 
liquid  and  gaseous  phases  can  be  expressed  as  functions  of 
temperature  under  conditions  of  constant  pressure. 

By  means  of  these  relations,  it  can  be  predicted  that 
the  critical  pressure  of  a  system  will  be  lowered  as  the 
temperature  is  increased.  This  agrees  with  the  expert- 
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mental  results. 

A  somewhat  different  method  of  approach  has  also  been 
discussed  by  Johnson  (IBB). 

Oonsiaer  tne  gas  phase  under  conditions  of  constant 
temperature. 

dp 

at  constant  temperature.  Using  the  same  nomenclature  as 
in  the  previous  development; 

n.'olf/ 


v'dp  -  n'd  F,  -t  'y 

Dor  the  liquid  phase, 


(7) 


V"dp  =  n,"dF," 

-h  n"dFz"  m 

( 8 

At  equilibrium: 

df/  =  c IF,"  - 

d  f,  , 

II 

> 

M 

d 

Divide  equation  (7)  by 

w  / 

' z .  > 

14  dp  -  Jhl  d  F,'  -f-  dr  F2 
nz  r  n 2' 

Divide  equation  f 8 )  by  n 


n 


'T 


2.  i 

'/  ,  J,  ,  r-  'y 


v  dp  ZV  dF,"  +  d  Fz 


n 


’  2 .  r '  2. 

At  equilibrium; 


v; 

ni 

dp 

_  nl  dF,‘ 

// 

“  n? 

yp  - 

// 

.  n, 

rearranging; 

in," 

\nz" 

~ 

n'\dF,  - 

n^j 

(V" 

_  v_' 
nl 

j  dp 

/J  F, 

.) 

-  A7aV 

-  ^  " 

V' 

p 

K 

n,"n{  - 

-  n' n 

// 

2 

(9) 


In  a  similar 


manner ; 


.  r),"y'  -  n/v" 

l  dp  )j  ~  n,"  nl  —  n'  n 

If  the  composition  is  nown  from  experimental  mea¬ 
surements  ,  n  and  V  can  o©  computed  fro  bhc  coi  pos i tion 
and  the  specific  volumes  (from  density).  Substitution 
of  these  values  in  (9)  and  (10)  gives  values  for 

fd  Fi  ) 

1  dp  Jr. 

P 

graphically ,  from  the  definition  of  fugacity, 

A  F  =  F  ~F°  -  R  TJn. 

'  '.tO  jf  fa  * 

The  subscript,  zero,  refers  to  a  reference  state. 
Since  '  is  proportional  to  th< 

5  /?/  is  proportional  to  th 

n n y  0 

(:)t  - >  0  j  or 

P  Her . 

Both  tue  numerator  and  the  denominator  are  negative 

\o  P  Jr 

p - f  pc  (t  bica]  '  ,  (AA) 

l  ( )p  )t 

indet erminat e  as  both  numerator  and  denominator  app roach 
zero,  the  denominator  perhaps  moi 

evident  the  error  in  b 

l dp  It  7 


btracted  in  the 


two  nearly  equal  quantities  are  being 
numerator  and  denominator, 

P 


nominator 

and  i 

lumer 

-at  or 

approach  zero 

an  d 

so  at  1 

pressures 

(d  fz 

.) 

s  in 

det  ermi  ]iat  o , 

Id  Fz 

) 

oaches  a 

\dP 

/T__ 

[d  p 

Jr 

limiting  v 

alu  e 

P  ir 

» 

\JP  )T 

in- 

creases,  s 

>  in  c  e 

the 

deno 

m  1  n at  or  u.  e c r  ea 

s es  m 

o  re  rap 

idl^  than 

the  numera 

XOl  • 

As 

Pc 

is  approached 

both 

i  at  o  r  a  nd 

numerator  approach  zero. 


5  ..  . 


The  values  of  fj  and  fo  are  compared  with  the  results 

1 s  ]  es  (Table  0) • 
The  great  deviation  from  ideality  indicates  the  imperfect 
nature  of  the  methane- 


Table  0 


'otal  Pressure 

Dalton  Pressure 

jy 

tl 

Dalton  Pressure 

f2 

in  atm. 

in  atm.  Px]_ 

in  atm. 

in  atm.  Pxg 

mm. 

36.2 

35.7 

35.8 

0.54 

49 

68.4 

67.6 

65.6 

0. 85 

51 

101.7 

100.6 

91.5 

1.10 

54 

135.0 

133.3 

101.3 

1.72 

58 

167.9 

164.2 

133.7 

3.69 

63 

202.2 

195.0 

165.8 

7.2 

70 

236.8 

221.6 

174.0 

15.2 

79 

243.6 

223.9 

176.0 

19.7 

250.0 

227.3 

17  8.1 

22.7 
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The  gas  used  in  the  exp  '  ts  with  the  pentane- 
isopentane  mixture  was  available  from  previous  solubility 
work  done  in  this  laboratory.  The  preparation  of  this  gas, 
referred  to  as  las  3,  hereafter,  is  described  in  a  paper 
by  Boomer,  Johnson  and  Thomas  (6A). 

The  composition  of  this  gas  .  i  ,  - 

5.3  -  0.5%  nitrogen,  with  0.2%  or  less  of 
gases  such  as  hydrogen,  ethylene  etc.  The  P-V-T  relations 
of  las  3  are  discussed  by  Johnson  (18). 

The  gas  used  in  the  experiments  with  the  heptane  was 
prepared  from  Viking  natural  gas  in  a  manner  to  be  des¬ 
cribed.  The  natural  gas  from  the  Viking  field  is  high  in 
methane  content.  In  addition  to  methane  it  contains  3.5% 
higher  hydrocarbons  and  5.7%  nitrogen.  The  gas  as  purified 
contained  99.4  to  99. 5%  methane,  the  r email  ii  0.6  to  0.5% 
being  mainly  nitrogen.  A  typical  combustion  analysis  gave 
a  C/H  ratio  of  2.966,  indicating  that  no  ethane  was  pr  :  . . 
The  density  at  IT.  T.  P.  was  7.200  x  10"  ~  grams  per  c.c. 
(density  of  pure  methane  is  7.168  x  10“ 4  grams/c.  c.). 

The  pentane-isopentane  solvent  was  obtained  from 
Turner  Valley  naphtha  by  fractional  distillation.  mhe 


first  stop  in  the  fraotionat ion  yielded  a  fraction  con¬ 
taining  the  hexanes  and  pentanes.  This  first  fraction  was 
refractionated  and  the  pentane- isopentane  fraction  ob¬ 
tained.  The  fraction  had  the  following  properties* 


Boiling  Range 

27.7°  -  55. 1°0 . 

Density 

0.620  @  25°C. 

Refractive  Index 

1.35594  <®  22°0. 

The  n-heptane  was 

obtained  from  a  sample  of  n-heptane 

from  the  Eastman  Kodak 

Company.  It  had  the  properties: 

De:  Qitj  0  20°Q. 

3.6  l  (0.684  200/4°,  tallied). 

Refractive  Index 

1.3865  22. 5°C. (1.3867  25°0, tabled 
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APPARATUS  AND  OPERATION 

bial  parts  of  the  apparatus,  ,  f  l) 

3 sure  gas  purificatioi  t  (2) 

Sion  and  high  pressure  purification  system,  (5)  the 
solubility  apparatus  and  (4)  the  analytical  apparatus. 

(l)  The  Low  Pressure  las  Purification  System. 

In  the  previous  vapor-liquid  equilibria  work  done  in 
this  laboratory  and  for  the  pentane-isopentane  system  as 
described  bed  ,  'os  Bt  was  used.  As  has  already  been 
mentioned  this  gas  was  essentially  95.0%  methane  and  5% 
nitrogen.  Before  going  on  to  the  study  of  the  vapor- 
liquid  equilibria  in  Turner  Valley  naphtha,  it  was  decided 
to  determine  the  effect  of  the  5%  nitrogen  by  doing  some 
work  with  pure  methane  and  n-heptane. 

The  method  adopted  for  the  purification  of  the  Viking 
natural  gas  was  liquefaction  of  the  gas  -  by  means  of  liquid 
air,  followed  by  a  fractional  distillation  to  remove  such 
impurities  as  ethane  and  nitrogen. 

Since  methane  boils  at  -161. 5°0.,  nitrogen  boils  at 
-195. 8°C.  and  ethane  at  -88.3°0.,  it  seemed  reasonable  to 
expect  a  good  separation  could  be  obtained  by  fractionation. 

Several  condensers  were  construct eaf 6 )  before  satis- 
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factory  results  were  obtained. 

The  low  pressure  gas  purification  system  which  was 
finally  evolved  is  shown  in  Fig.  1  and  Pig.  2.  The  Viking 
natural  gas  from  the  city  mains  entered  the  system  at  the 
f  connection,  A.  The  connection  to  W  acted  as 
valve  if  a  blockage  occurred  in  the  rest  of  the  system. 
Carbon  dioxide  was  removed  by  passage  through  the  soda- 
lime  tower.  later- vapor  was  removed  by  passing  the  gas 
through  a  calcium  chloride  tower,  a  concentrated  sulphuric 
acid  bubbler,  H,  and  a  large  solid  K  0  H  tower. 

The  gas  then  passed  into  the  condenser,  C,  which  was 
cooled  by  liquid  air  added  to  the  space,  ', 

Dewar  tube,  T,  and  the  thin  copper  cylinder,  P.  This 
space  contained  glass  wool. 

The  copper  cylinder  and  the  Dewar  tube  rested  upon  the 
corks,  I,  and  were  enclosed  in  the  metal  container,  1.  As 
the  gas  passed  through  the  coil  in  the  upper  part  of  the 
condenser  it  was  cooled,  and,  upon  entering  the  main  body 
of  the  condenser,  it  condensed  as  a  liquid,  lion- condensible 
gases  passed  upwards  through  the  reflux  section.  This 
section  was  packed  with  single  coils  of  aluminum  wire  about 
0.5  cm.  in  diameter.  The  top  of  the  packed  section  came 
to  within  approximately  1  cm.  of  the  thermocouple,  B. 


igure  1.  L'ethane  Purification  System 


FIG.  2 


.  Lie  thane  Purification  System 


Figure  2 
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This  thermocouple  was  used  to  measure  the  temperature 

.  , 

, 

mined.  From  the  flowmeter,  the  gas  could  he  passed  through 
the  tube,  X,  to  a  continuous  gas  analyzer.  This  analyzer 
(46),  of  the  thermal  conductivity  type,  was  used  to  indicate 
when  gas  of  constant  composition  was  being  obtained.  /hen 
desired,  the  gas  was  p  s  3  to  a  water  sealed  gas  holder 
through  the  connection,  1.  The  condenser,  G,  could  be 
heated  at  the  bottom  by  means  of  an  electric  heating  coil 
connected  through  the  wires,  D.  This  heating  element  was 
wound  around  a  small  diameter  section  at  the  bottom  of  the 
condenser  and  it  was  covered  with  asbestos  insulation. 

The  procedure  in  purifying  the  natural  gas  was  of 
necessity  a  batch  process.  liquid  air  was  blown  into  the 
space,  Et  from  a  liquid  air  container,  until  the  space  was 
filled  to  within  one  to  two  centimetres  of  the  top. 

Gas  was  allowed  to  enter  the  system  through  the  tube, 
and  leave  through  the  tube,  X,  the  rate  of  flow  being 
about  700  -  800  c.c.  per  minute.  It  took  between  2- ir  -  3 
hours  to  fill  the  lov/er  section  of  the  condenser  with 
liquefied  gas. 

’hen  the  condenser  was  filled  with  liquefied  gas,  the 
heater,  0,  was  turned  on,  and  when  the  condensed  gas 
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f 

,  closed.  'L'he  current  input  to  the  heater  was  adjusted 
so  that  a  good  reflux  was  obtained  in  the  packed  section 
of  the  condenser.  The  rate  of  off  gas  was  about  one  litre 
per  minute.  rhen  the  composition  of  the  off  gas  had  be¬ 
come  steady,  as  shown  by  the  continuous  gas  a2  ~ .  zer,  the 
stopcock,  r,  was  reversed  and  the  gas  passed  through,  T, 
to  a  water- sealed  ,gas  holder.  About  ten  litres  of  gas 
had  to  be  boiled  off  before  the  composition  became  constant. 

hen  nearly  all  of  the  liquified  gases  had  been  distilled 
the. stopcock,  H,  was  again  reversed  and  the  residual  con¬ 
densate,  which  contained  any  ethane  present,  was  distilled 
off  into  the  atmosphere. 

Approximately  60  litres  of  gas  could  be  made  per  run. 
When  operating  steadily,  i.e.  one  batch  run  after  another, 
it  took  about  two  pounds  of  liquid  air  per  run.  In  addi¬ 
tion  to  the  liquid  air  added  at  the  start  of  the  run,  more 
liquid  air  had  to  be  added  from  time  to  time  during  the 
course  of  the  run.  The  total  used  per  run  was  approximately 
two  pounds.  A  run  took  about  &§•  to  4  hours  to  complete. 

(2)  The  compression  and  high-pressure  storage  and 

_  m 

purification  system  is  shown  in  Fig.  3.  (diagrammatic). 

It  v/as  not  possible  to  use  the  three  stage  compressor 
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av  ail  able  in  the  labo  I  ,  as  this  compressor  had  to  he 
used  frequently  in  connection  with  other  research  being 
conducted  in  the  laboratory.  The  frequent  flushings  of 
the  large  compressor,  which  would  have  been  necessary,  and 
the  accompanying  wastage  of  gas  and  opportunity  for  im¬ 
purities  entering  the  system,  were  avoided  bj  i  g  the 
system  shown  in  Fig.  3. 

As  mentioned  above,  the  gas  from  the  liquid  air 
fractionating  column  shown  in  Fig.  2  passed  to  a  water- 
sealed  gas  holder.  A  half-inch  pipe  line  connected  this 
water  sealed  gas  holder  to  a  small  single-stage  compressor, 
A.  3 y  means  of  compressor,  A,  the  gas  from  the  gasometer 
could  be  pumped  into  the  intermediate  pressure  tank*  B, 
up  to  pressures  of.  a  maximum  of  about  140  pounds  per 
square  inch.  The  gas  pressure  in  tank,  A,  was  recorded 
by  the  gauge,  l-j_. 

From,  3,  the  gas  was  compressed  by  means  of  compressor 
C,  into  the  high  pressure  storage  cylinder,  3,  (  5  litre 
capacity).  The  gas  pressure  in  cylinder,  3,  was  recorded 
by  the  Bourdon  gauge,  Og. 

From  the  high  pressure  cylinder,  3,  the  gas  passed 
through  the  high  pressure  purification  system.  The  units 
in  this  system  were:  a  charcoal  adsorb©  hich  removed 


Figure  5. 


Compression  and  high  pressure 
storage  and  purification  system, 
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any  higher  hydrocarbons  present;  F,  a  solid  K  0 
scrubber  which  removed  water  vapor  from  the  gas;  1T, 
furnace  unit  containing  a  mixture  of  copper  and  copper 

. 

served  to  remove  any  oxygen  present.  The  furnace  was 
followed  by  another  II  0  H  drier,  I,  and  charcoal  ad¬ 
sorber,  J.  By  opening  valve  6  con:  ection  could  be  made  to 
the  solubility  apparatus.  $3  was  a  calibrated  Bourdon 
gauge  used  for  measuring  pressures  in  the  solubility 
apparatus  • 

Tank,  B,  could  be  isolated  from  the  rest  of  the  system 
by  means  of  valves  10  and  2,  It  could  be  flushed  inde¬ 
pendently  by  means  of  valve  1.  Cylinder,  D,  could  be 
isolated  by  means  of  valves  3,  4  and  flushed  by  means  of 

valve  7 . 

Bor  obtaining  pressures  higher  than  900  to  1000  pounds 
per  square  inch,  valve  3  was  shut,  valve  9  opened  and  by 
means  of  the  hydraulic  pump,  Lt  a  glycerol-water  ire 

was  pumped  into  the  cylinder,  D,  from  the  reservoir,  K. 

The  gas  in  D  was  thus  compressed  until  the  desired  pressure 
was  reached.  The  solution  could  be  withdrawn  at  valve  7 
when  it  was  desired  to  pump  in  more  gas.  This  arrangement 
enabled  high  pressures  to  be  reached  with  smaller  amounts 
of  gas  than  would  have  been  required  with  the  large  com- 
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pressor. 

Oas  B  for  the  work  on  the  pentane-i sopentane  system 
was  introduced  from  storage  cylinder,  l!t  through  valve  11. 

Samples  of  the  gas  oould  be  withdrawn  for  analysis 
or  density  determination  at  valves  1  and  7. 

(3)  The  Solubility  Apparatus. 

The  solubility  apparatus  used  is  shown  in  Pig.  4  and 
Fig.  5.  The  design  and  calibration  of  this  apparatus  has 
already  been  described  by  Argue  and  Johnson  (2,  18,  18A). 

The  apparatus  was  so  made  that  the  gas  and  liquid  phases 
reached  equilibrium  with  each  other  at  a  reasonable  rate. 
For  the  purposes  of  analysis  known  volumes  of  each  phase 
could  be  withdrawn. 

The  sample  of  the  gas  phase  was  obtained  from  the  gas 
phase  pipette,  A,  which  had  a  volume  of  11.206  -  0.005  e.  . 

The  sample  of  the  liquid  phase  was  obtained  from  the 
ehase  pipette,  B,  which  had  a  volume  of  21.  - 

.0.005  c.c.  The  ends  of  the  pipettes  A  and  B  were  connected 
to  the  central  chambers  through  l/lG”  and  l/4M  tubing  , 
respectively.  The  pipettes  with  their  contents  could  be 
isolated  by  closing  valves  2,  3,  4  and  5.  The  contents 
could  be  withdrawn  for  analysis  through  valve  6  and  7. 

The  volume  of  the  central  chambers  was  approximately  70  c.c. 
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"The  whole  as;  embly  was  pivoted  at  G  and  could  be 
oso lllated  90°  by  the  gear  train  and  crank,  D. 

The  gear  train  was  so  equipped  with  cams  and  a  clutch  that 
the  pipette  assembly  was  held  in  each  extreme  tilted 
position  for  one-half  minute  during  each  oscillation. 

The  tilting  motion  was  sufficiently  rapid  to  provide 
agitation  of  the  contents  of  the  central  cylinders.  To 
assist  in  promoting  the  desired  agitation  a  close-fitting 
steel  piston  and  a  steel  ball  were  placed  in  the  liquid 
phase  pipette,  B.  This  piston  and  the  ball  moved  from 
one  end  of  the  pipette  to  the  other  when  oscillation 
occurred.  1T 

During  an  experiment  the  temperature  of  the  pipette 
embly  was  maintained  constant  to  within  0.1°C. by  a 
thermostatically  controlled  oil  bath  shown  in  Dig.  5. 

This  bath  was  heated  electrically. 

The  oil  bath  with  its  heaters  could  be  lowered  clear 
of  the  pipette  assembly  to  allow  access  to  the  valves. 

Dor  details  of  the  construction  of  the  apparatus, 
packing  of  the  valves,  calibration  etc.  the  reader  is 
referred  to  Johnson  (18). 


(4)  The  Analytical  Apparatus. 

The  analytical  apparatus  was  the  same  as  has  been 
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figure  4.  Solubility  Apparatus 


'igure  5.  Diagram  of  Solubility  Apparati 
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used  for  previous  solubility  work  in  this  laboratory  and 

ratio  '  .  .  '  . 

figure  7  shows  the  essential  parts  of  the  apparatus 
used  for  collecting  and  measuring  the  expanded  contents 
of  the  pipettes. 

A  brief  explanation  of  Figure  7  is  as  follows.  ’A* 
was  a  glass-to-metal  joint  at  the  junction  of  a  flexible 
copper  tube  (from  the  solubility  apparatus)  and  the 
analytical  apparatus*  l0l  was  a  mercury  sealed  safety 
bottle  which  served  to  protect  the  apparatus  from  any 
sudden  release  of  pressure  from  the  solubility  apparatus. 

1 H  *  and  1 C 1  indi  , 

respectively,  which  were  used  to  measure  pressures  to 
the  left  of  stopcock  4. 

’D1  was  an  automatic  (23)  Toepler  pump  which  could  be 
used  either  for  evacuating  the  pipettes  and  the  apparatus 
to  the  left  of  stopcock  4,  or  for  circulating  the  gases. 
'B*  was  a  condenser  which  was  attached  to  the  atus 

by  means  of  ground  glass  joints  and  could  be  removed  for 
the  purpose  of  weighing. 

,M*  indicates  the  four  bulbs  which  served  as  a  gas  storage 
and  measuring  system  in  conjunction  with  manometer  1 hr . 

The  volumes  of  these  bulbs  had  previousl  been  accurately 
determined.  The  bulbs  TMI  were  protected  by  a  cardboard 


. 


-  - 


1 


'  '  % ' 


' 


r  t 

r  i 


Figure  6.  Analytical  Apparatus. 
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casing  from  air  currents  in  the  room.  The  temperature 
of  the  gas  in  the  bulbs  was  determined  by  means  of  a 
calibrated  thermometer  hung  inside  the  case.  The  volume 
of  all  tubing  between  sto >cooks  9,  10,  11,  12,  and  13 
was  determined  as  46.7  c.c.  to  the  60.0  mark  on  the 
manometer.  The  three  large  bulbs  in  seric;.  a  total 

volume  of- 6575.4  c.c.,  not  including  the  volume  46.7  c.c. 
The  smaller  bulb  had  a  volume  of  1024.3  c.c.  not  includ¬ 
ing  the  volume  46.7  c.c. 

■p*  is  an  accurately  calibrated  density  bulb  by  means  of 
which  samples  of  the  gas  in  the  system  could  be  removed 
and  weighed.  The  weight  of  the  bulb  could  be  determined 
when  evacuated  and  when  containing  gas  at  a  xnown  temper¬ 
ature  and  pressure.  From  the  weight  and  volume  of  the 
gas  its  density  could  be  determined.  By  means  of  stop- 
cod:,  1",  samples  of  the  gas  could  be  taken  to  the  can- 
bust  ion  analysis  apparatus  shown  in  ^ig*  • 

Connection  to  mercury  diffusion  pumps  in  series  with 
an  oil  pump  was  made  at  stopcock  6. 

Figure  8  shows  the  combustion  analysis  apparatus 

used  (6B). 

1  A1  connection  to  stopcock  6  shown  in  Fig.  7. 

1 C 1  was  a  calibrated  pipette  (  185.9 
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for  measuring  the  volume  of  the  gas  sample.  The  temper¬ 
ature  was  determined  by  means  of  a  calibrated  thermometer 
immersed  in  a  water  jacket  surrounding  the  pipette.  The 
pressure  was  measured  by  means  of  manometer,  ’K1  (shown  in 
Fig,  7).  The  whole  apparatus  could  be  evacuated  by  the 
same  evacuating  system  used  for  the  expansion  apparatus. 
The  connection  was  made  at  B  through  stopcock  4, 

1  j,  modified  Sprengel  pump,  was  used  to  circulate  the 
gas  in  the  apparatus • 

1 L1  was  a  connection  to  a  water  jet  pump  by  means  of  which 
the  Sprengel  pump  was  operated. 

'K'  was  a  safety  valve  used  to  prevent  mercury  entering 
the  furnace  in  case  of  the  jet  pump  being  disconnected 
accidentally. 

’S’  was  a  copper  oxide  tube  38  cm.  long  and  1.9  cm,  in 
diameter,  containing  about  200  grams  of  copper  oxide- 
cerium  oxide  mixture.  During  an  analysis  the  temperature 
of  the  tube  was  maintained  at  800  t  10°0,  by  means  of  an 
electric  furnace.  Previous  .  ork  had  shown  this  tempera¬ 
ture  to  be  the  best  for  rapid,  complete  oxidation  of  the 
hydrocarbons. 

'D1  was  a  magnesium  perchlorate  ing  tube  placed  imraed- 
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la  ly  after  the  combustion  tul  e,  '  31. 
tube  absorbed  all  the  water  vapor  formed  during  a  com¬ 
bustion. 

Carbon  dioxide  formed  during  a  combustion  could  be 
a  s  rb ed  1  s  a-lime  abs  '  ,  ’  1 , 

,  1  »  '  ’  • 

’U1  was  the  connection  for  the  oxygen  s  ly, 
dioxide  or  water  vapor  in  the  oxygen  was  removed  by 

soda-lime  i::  tube,  ‘J,;  ]  ,  v  ! 

Method  of  Operation 

The  pipette  assembly.  Fig.  5,  was  tested  under  pressure 
for  leaks  fby  immersion  in  the  oil  bath)  and  then  evacuated 
and  flushed  with  gas  from  the  storage  system.  A  funnel 
was  fitted  to  valve  8  and  the  correct  amount  of  liquid,  as 
from  experience,  was  added.  Valves  6  a2  7  \  i 
closed;  valves  2,  5,  4  and  5  were  left  open; 
was  raised  and  connection  to  the  high  pressure  storage  and 
ification  system  e  ie  at  valve  8.  Gas  was  then 
admitted  into  the  apparatus  until  the  desired  pressure  was 
reached.  Valve  8  was  then  clos  1  oscillation  started. 
After  about  fifteen  minutes,  connection  was  again  made  to 
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t he  gas  sup^l;  and  any  necessar  adju:  tment  o  ’  the  pressure 
was  made.  This  cycle  of  operation  was  repeated  until  no 
change  of  pressure  in  the  'ipettes  could  he  observed  after 
one  hour  of  oscillation.  The  oil  '  th  was  thei  lowered 
and  valves  2,  3 ,  4  and  5  closed  quickly. 

The  next  step  in  the  procedure  was  the  removal  of  the 
pipette  contents  to  the  expansion  apparatus*  While  equi¬ 
librium  was  being  attained,  the  expansion  apparatus  to  the 
right  of  stopcocks  1  and  2  was  evacuated  to  a  pressure  of 
less  than  0.1  mm.  of  mercury.  When  equilibrium  had  bee 
reached,  connection  between  the  solubility  apparatus  and 

, 

A*  1,  sa  5  were  opened  and  the  connections 

to  the  solubility  apparatus  up  to  valves  6  and  7  were 
evacuated*  The  liquid  phase  sample  was  expanded  fir 
,  ,  ,  ,  ,  12,  13  and  9  or  11  were  cl 

depending  upon  the  storage  capacity  required.  9  cooling 
laced  around  the  condenser ,  2,  and 
cracked  open  carefully. 

The  gas  was  allowed  to  expand  at  approximately  100  c.c. 
per  minute.  After  the  pressure  in  t  ’  pett  ©d 

equilibrium  with  that  in  the  apparatus.,  the  apparatus  to 
the  left  of  stopcocks  7  was  evacuated  by  means  of 

pump,  D,  until 


■ 

* 

* 


,  B,  was  then  J 

attached  to  it;  valves  1  and  5  were  closed  and* evacuation 

was  continued  by  means  , 

was  less  than  0,1  mm.  of  mere  .  1#  2# 

and  re  closed,  the  condenser  was  rei 

weighed.  Prom  the  difference  between  the  weight  with 

condensate  and  the  empty  weight,  the  weight  of  liquid 

condensate  could  be  computed. 

The  gas  in  the  bulbs,  M,  was  then  circulated  for 
one-half  an  hour  to  a  1  o  r  or  more  (depending  upon  the 
composition  of  the  gas)  by  means  of  the  Toepler  pump* 

The  pump  was  then  shut  off;  stopcock  7  or  8  (depending 
upon  the  storage  space  being  used)  was  closed  and  the  gas 
in  the  pump  was  pumped  over  •*  nt  o  ':h  b  "V  ,  the 
in  the  pump  being  raised  to  stopcock,  10,  which  was  tl 
closed.  The  pressure  and  the  temperature  were  recorded 
along  with  the  bulb  space  being  used.  Prom  this  data 
the  volume  of  gas  at  IT.  T.  P.  was  calculated.  Density 
determinations  were  then  made  upon  the  gas  by  means  of 
the  density  -bulb  P.  Prom  the  volume  at  IT.  T.  P.  and 
the  density,  the  total  weight  of  the  gas  from  the  pipettes 
could  be  computed.  This  added  to  the  weight  of  the  liquid 
condensate  gave  the  total  weight  of  the  pipette  contents# 
Since  the  pipette  volume  was  known,  it  was  a  sii  pie 
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matter  to  calculate  the  phase  density. 

The  final  step  in  the  analytical  procedure  consisted 
in  conducting  a  combustion  analysis  (Ci).  The 
in  conducting  sue-,  an  analysis  ....  *  ... 

t  (Fig.  8) 

oxygen  at  atmospheric  pressure,  were  wei 

on  an  analytical  balance  and  then  pJLaced  in  position  in 

the  analytical  assembly.  Connections  were  mac 

(  .  .  , 

ibes,  was  evacuated  to  a 

pressure  of  less  than  0.1  mm.  of  mercury.  During  this 
evacuation  the  mercury  supply  and  discharge  tubes  con¬ 
nected  to  the  Sprengel  pump  were  shut  by  means  of  screw 
clamps.  Stopcock  2  was  closed,  stopcock  1  opened  to  the 
gas  expansion  apparatus  and  a  sample  of  gas  was  taken  in 
ipette,  C,  the  temperature  and  pressure  being  re¬ 
corded.  Stopcocks  3,  4,  5  and  6  being  closed,  stopcock 
1  was  reversed  and  the  gas  sample  waa  allowed  to  expand 
into  the  evacuated  apparatus.  The  level  of  the  mercury 
reservoir  of  the  Sprengel  pump  was  adjust  nd  circu¬ 
lation  of  the  gas  sample  through  the  system  comenced. 
Oxidation  of  the  gas  was  usually  completed  in  15  to  20 
minutes.  The  disappearance  of  condensed  water  vapor  in 
the  side-arm  of  tube,  D,  was  a  good  indication  of  the 
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near  completion  of  the  combustion.  The  circulation  was 
stopped  momentaril  ,  '  ok  5  was  reversed,  6 

opened  and  the  level  of  the  mercury  in  the  reservoir  of 
the  Sprengel  pump  adjusted.  Circulation  was  again 
started  and  oxygen,  as  required,  allowed  to  enter  the 
system  at  5.  This  added  oxygen  oxidized  the  remaining 
traces  of  hydrocarbons  and  reoxidized  the  reduced  copper 
in  the  combustion  tube. 

Circulation  was  continued  for  about  an  hour.  The 
Sprengel  pump  v/as  then  shut  off,  and  the  stopcocks  on 
the  absorption  tubes  closed.  The  absorption  tubes  were 
removed,  allowed  to  come  to  room  temperature  and  re¬ 
weighed  with  their  contents  at  atmospheric  pressure,  as 
before • 

The  combusion  gave  an  accurate  carb on-hydrogen 
analysis  which,  in  conjunct:’  wit!  the  density  deter¬ 
mination,  enabled  the  calculation  of  the  gas  composition 
when  only  the  three  components,  methane,  nitrogen  and 
liquid  vapor,  were  present. 

The  results  of  the  combustion  analysis,  together 
with  the  total  weight  of  the  liquid  and  gas  yielded 
sufficient  data  for  the  computation  of  the  phase  compo- 
si tion. 
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Hesults  and  Discussion 

Calculations: 

Por  the  experiments  with  Gas  B  and  with  the  puri¬ 
fied  methane  it  was  possible  to  compute  the  complete 
composition  of  the  phases  from  the  experimental  data. 

The  we ight  of  carbon  dioxide  and  water  produced  in  a 
combusion  analysis  enabled  the  weight  of  carbon  and 
hydrogen  to  be  computed.  Prom  the  density,  volume  and 
temperature  measurements  the  weight  of  the  sample  burned 
could  be  found. 

Prom  this  data  the  composition  could  be  computed  as 
follows,  using  pentane  as  the  example. 
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72.09 

12.10 
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16.03 


OH4  =  C 


C5% 


4.032  ft 


16.0 


|  0%  =  H 


Solving: 


Weight  of  C5H12  =  -  t.C^-J.977  WJt.,H 

eight  of  CH4  =  -  :  ~  •  . ’  —  - 

0.7486 

Weight  of  nitrogen  =  W’t  of  sample  -  (W’t.  1 

Prom  the  weight  of  each  constituent  present  and  the 
we  ight  of  the  sample,  the  weight  percent  and  volume  per- 
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cent  composition  of  the  gas  could  be  calculated. 

Since  the  total  weight  of  the  gas  and  liquid  from  the 

...  , 

density  could  be  computed,  The  mol  percent  composition  of 
each  phase  could  also  be  found  from  the  above  data. 

Johnson  (18)  has  given  a  detailed  discussion  of  the 
errors  involved  in  the  investigation.  The  standard  pro¬ 
cedure,  developed  in  the  earlier  work,  was  duplicated  in 
the  present  investigation  as  nearly  as  possible.  The 
deviation  in  duplicate  runs  was  from  ±  0.5,"  at  the  lower 
pressures  to  t  0*2%  or  loss  at  the  higher 

Data  and  Results. 

The  results  obtained  are  shown  in  the  form  of  tables 
and  graphs.  F]  pentane -isopentane  las  3  system  and  the 
n  heptane- las  B  system  are  discussed  separately# 

n  Pentane -iso pentane  las  B  System. 

The  results  for  this  system  are  shown  in  Table  1. 

The  results  obtained  by  Johnson  for  the  n-jaentane  Gas  B 
system  are  shown  in  the  lower  half  of  Table  1.  Owing  to 
the  small  size  of  the  sample  of  the  n-pentane  isopentane 
mixture,  it  was  not  possible  to  obtain  complete  data  up  to 
the  critical  point. 


In  a  work* 

solubilities  are  expressed  as  moles  of  methane  per  mol 
of  liquid.  The  vapor  concentration  of  the  gas  is  expressed 

■h 

Tor  the  purpose  of  ready  comparison,  the 
obtained  for  the  n-pentane  isopentane  Gas  B  system  and 
the  n  pentane  Gas  3  system,  have  been  plotted  on  the 
same  graphs. 

The  pressure-density  curves  are  shown  in  -’ig.  0, 

The  density  of  the  liquid  phases  decreases  in  each  case 
due  to  the  solution  of  the  gas  as  the  pressure  increases. 
The  density  of  the  vapor  phases  increases  in  each  case  due 
to  the  increasing  concentration  of  pentane  vapor  in ' the 
vapor  phase  and  also  to  the  decreasing  specific  volume 
of  the  gas. 

The  critical  pressure  (at  25°0J  for  l.  e  n-pei  tai  e 
Gas  B  system  occurred  at  a  pressure  of  186  atmospheres, 

From  Fig,  9  it  is  evident  that  the  critical  pressure  for 
the  n-pentane  isopentane  Gas  sj  ste  ./ill  be  somewhat 
lov/er  than  this,  since,  at  the  same  pressure,  the 
density  of  the  liquid  phase  is  less,  ar 
phase  more,  than  for  the  first  system# 

The  variation  of  solubility  with  pressure  is  shown  in 
Fig,  10.  Concentrations  are  expressed  as  oles  of  methane 
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Table  1 

itane  Gas  3  Equilibria  aL  25°C. 


Pun 

Pre 

ssure 

Phase 

Lens ity 

Phas  e  0  omp  os  i  t  ion 

Atm. 

Liquid  Phasi 

3  Gas  Phase 

C5H12 

Liquid  Phase 

OH 4  NB 

qq 

T  'X 

505 

34.4 

0.585 

0.0386  l 

82.30 

17.00 

0.70 

±C 

■  90,0385 

1 

0 

980 

66,6 

0.554 

0.0613  ’ 

68.90 

30.55 

0.55 

cL 

0.55  6 

0.0648 

69.20 

' 

30.21 

0.42 

7 

10 

1475 

100.3 

0.5122 

0.5139 

0.0998 

0.0971 

0.1075 

55.62 

57.20 

43.21 

42.20 

1.17 

0.60 

8 

1955 

133.0 

0.440 

0.445 

0.1463 

0.1499 

43.35 

41.1-4 

54.66 

56.40 

1.99 

2.56 

n- 

-pentane  Gas  3 

Equilibria 

&  25°G.  ( from 

previous 

solubility  work  by 

Jo  1ms  on 

14.7 

1 

0.618 

319 

327 

523 

35.5 

0.590 

0.592 

0.0366 

0.0352 

03,91 

63.54 

15.64 

16.14 

0.45 

0*32 

220 

1003 

68.1 

0.564 

0.0630 

69,78 

29.80 

0.42 

221 

1493 

101.4 

0.520 

0.0984 

56.64 

42.14 

1.22 

326 

0. 518 

0.0975 

56,72 

42.55 

0.73 

222 

1973 

134.0 

0.481 

0.146 

44.96 

53. 64 

1.40 

2468 

167.6 

0,380 

0.233 

28.10 

60.  33 

3.57 

22  5 

0.380 

0.236 

28.16 

67.69 

4,15 

2768 

188.0 

0.350 

0.348 

22.53 

72.92 

4,55 

Ol  fc 


Gas 

Phase 

G5H12 

gh4 

% 

10,38 

84.85 

4.77 

11.18 

84.42 

4,40 

4.71 

89,54' 

5.75 

4.64 

89.93 

5,43 

4.42 

89.77 

5.80 

4.21 

87.99 

7,80 

4.32 

88.90 

6,78 

5.67 

86.20 

0.13 

'  6.38 

86.70 

6,92 

Holes  CH^/mol  G5H2.0 
Liquid  Phase 


0.207 


0.443 

0.437 

0.778 

0.738 


1.26 

1.37 


Moles  GgHig/mol  Gas 
Gas  Phase 


0.118 

0.126 

0.049 

0.049 


0.046 

0.043 

0.045 


0.060 

0.068 


8.34 

84.80 

6.86 

0.187 

0.091 

8.26 

88.43 

3.31 

0.193 

0.090 

5.04 

88.04 

6.92 

0.427 

0.053 

4.69 

88.86 

6.45 

0.744 

0.049 

5.17 

89.20 

5,63 

0.750 

0.054 

5.78 

87.44 

6.78 

1.193 

0.0613 

12.17 

83.09 

4.74 

2.430 

0.159 

12.18 

82.04 

5.78 

2.410 

0.159 

22.45 

73.45 

4.10 

3.240 

0.555 
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igure  9. 


Pressure- density  curves 


for 


(1) 

n 

Pentane 

and  ( 2 ) 

n 

-  en  tan  e  -  i  s  o  p  e  nt  ane 

rjQQ  -o 

-  (JUKj  >  • 

Temperature 

25°  C. 

pur  mol  of  pent  me  •  ’r.  , 

that  the  methane  is  more  soluble  in  the  mixture  of  the 

tl'one.  xample,  at 

a  pressure  of  100  atmospheres  the  solubility  in  the  -  ixtur 

is  0.9  moles  3H^/mol  pentane  whil 

lubilitj  '  only  0.75  '  /  1  3  bane.  It 

may  be  noted  that  in  preliminary  work  ( 18 )  with  a  gas 

containing  ethane,  the  gas  containing  eth 

able  in  n- heptane  than  was  Gas  3.#  The  presence  of  the 

ethane  in  a  small  amount,  3.5 fo9  had  an  analagous  effect  to 

that  of  the  isopentane.  Isopentane  (2  methylbutane)  lias 
H-  C  \  171 

the  structure  c.  —  C  -  C  H5 

H 

This  can  be  considered  as  methane  with  two  of  the  hydrogen 
atoms  substituted  by  me thyl- radicals  and  one  hydrogen 
atom  substituted  by  an  ethyl-radical.  On  this  basis  it 
would  be  expected  that  methane  would  be  more  soluble  in 
the  n  pentane- isopentane  than  in  the  n  pentane  alone.  !  . 
increased  solubility  in  the  mixture  would  be  due  to  the 
greater  solubility  of  methane  in  the  isopentane  in  the 
mixture. 

The  rapid  increase  in  the  slope  of  the  solubility 
curves  is  to  be  expected  as  the  pressures  approach  the 
critical  pressure  at  which  the  liquid  phase  and  vapor 
■phase  densities  are  identical.  At  the  critics.!  -pressure 


figure  10.  Variation  of  Solubility  with 

Pressure 

( 1 )  n  Pentane  ^as  B  - 

and  (2)  n  Pentane- isopentane  ^as  B 

Temperature  25°0 


- 


or  higher  pressures  the  two  components  are  completely 
miscible;  the  system  becomes  single  jhase. 

The  concentration  of  pentane  in  the  gas  phase 
(expressed  as  moles  of  pentane  per  mol  of  expanded  gas) 
as  a  function  of  pressure  is  shown  in  Figure  11.  It  is 
evident  that  the  liquid  to  gas  ratio  at  I  f 

reaches  a  minimum  and  then  increases.  The  minimum  is 
explained  by  the  fact  that  at  low  pressures  the  concentra¬ 
tion  of  gas  increases  more  rapidly  with  pressure  than 
does  the  vapor  pressure  of  pentane*  However,  at  high 
pressures,  the  vapor  pressure  of  pentane  increases  more 
rapidly  with  increasing  pressure  than  does  the  gas  con¬ 
centration.  The  mass  concentration  of  pentane  vapor  in 

/ 

the  gas  phase  increases  at  all  times. 

The  relationship  between  phase  composition  in  mol 
percent  and  pressure  is  shown  in  Fig.  12.  At  the  critical 
pressure,  the  lines  for 
should  meet. 

A  region  "of  retrograde  condensation"  is  shown  for 
the  gas  phase  (from  approximately  100  atmospheres  to  the 
critical  pressure).  In  this  region  a  transfer  of  pentane 
to  the  gas  phase  occurs.  The  ...  '  , 

as  t  ire  increases,  more  rapidly  than  the  gas  con- 

h’st  ion  increases  with  pressure,  i.fe.  the  mol  perce]  t 
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figure  11. 


Effect  of  Pressure  on  the  Vapor  content 
of  Pentane  in  the  Gas  Phase 


(l)  n  Pentane  las  B 


las  3 


and 


(2)  n  Pentane -isopentane 
Temperature  25°0 


of  gas  is  less.  The  ourve s  for  the  af  :  •  1® 

and  the  curves  in  Jig.  11  illustr  te  t  sat  e  h<  on. 

n  Heptane  -  Pure  Uethane  System. 

Table  2  shows  the  results  obtained  for  tiiis  system. 

In  the  lower  half  of  Table  2  the  results  obtai 
vious  work  with  n  heptane  ana  las  3  are  shown.  Solubili¬ 
ties  and  vapor  concentrations  are  expressed  as  before. 

e  purpose  of  comparison,  the  results  ob 
the  n  heptane  and  the  two  gases  are  plotted  on  the  same 
series  of  graphs.  The  work  with  the  pure  methane  has 
not  been  done  at  pressures  over  1500  lb.  per  sq.  men. 

The  results  with  Gas  B  are  shown  at  corresponding 
pressures. 

The  pressure  density  curves  are  shown  in  Tig.  IS 
(curves  l,  1  ).  The  curves  for  the  n-heptane  and  Gas  B 
and  for  the  n-he  -  -  ~xje  are  Practically 

identical. 

The  variation  of  solubility  with  pressure  is  also 
shown  in  Pig.  13  (curve  2).  The  moles  of  methane  per  I 

mol  of  n-heptane  are  slightly  greater  for  the  pure  1 

methane  than  for  Gas  3,  at  the  .  1  *  “  I 

pressure  of  100  atmospheres  the  solubility  was  0.62  moles 


MOL  %  GAS 
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figure  IE.  The  Effect  of  Pressure  on  Pha 

Composition 

fl)  n. Pentane  and  Cas  B.  -  - 

and  (2)  n  Pentane-isopentane  and  Cas  3. 


Temperature 


Table  2 


n- heptane 

-  pure 

Methane 

equilibria  at  25° 

rt 

Hun 

Pressure  labs) 

Phase 

Density 

1 

Phase 

Compos i tion 

Mol  fo 

*/d" 

Atm. 

liquid  Phase 

Gas 

Liquid  Phas< 

D 

°SH12 

gh4 

°5%2 

0H4 

1[2 

19 

515 

35 

0.658 

0.0275 

83.75 

16.23 

0.02 

1.95 

97.33 

0.72 

20 

515 

35 

0.658 

83.70 

16.30 

0.00 

21 

1045 

70.4 

0. 624 

0.0521 

71.25 

28.75 

0.00 

1.70 

98.30 

0.00 

22 

1045 

70.4 

0.6  o3 

0.0532 

70.90 

28.92 

0.18 

1.04 

98.96 

0.00 

23 

1560 

106 

0.605 

0.0852 

59.32 

40.68 

0.0 

0.71 

99 . 26 

0.05 

24 

1560 

106 

0.607 

0.0855 

'59.29 

40.58 

0.13 

0.83 

98.67 

0.50 

Moles 'CH4/  Mol  G7H16  Moles  O7K15/  Mol 
Liquid  Phase  Gas  Phase 


0.194  0.0199 

0.195 

•  0.402  0.0172 

0.411  0.0106 


0.686  0.0075 

0.684  0.0082 


n  heptane  Gas  B  equilibria  at  25 °0. 


14.7 

1 

0.679 

4.5 

94.5 

0.0298 

0.195 

0.059 

212 

533 

36.2 

0.661 

83.52 

16.32 

0.16 

1.75 

92.85 

5.40 

0.190 

0.019 

227 

533 

36.2 

0.659 

0.0280 

83.78 

15.90 

0.32 

0.0538 

0.386 

0.012 

213 

100  8 

68.4 

0.637 

71.57 

27.63 

0.80 

1.01 

93.20  ‘ 

5.79 

0.014 

226 

1008 

68.4 

0.634 

0.0554 

1.29 

92,82 

5.89 

0.0873 

0.614 

0.012 

214 

1498 

101.7 

0.610 

61.55 

37.64 

0.81 

1.09 

92. 54 

6.37 

0.636 

0.011 

225 

1498 

101.7 

0.610 

0.0859 

60.81 

38,72 

0.47 

1.09 

93.64 

5.27 

-UJ- 


of  pure  methane  per  mol  of  n  heptane  a} id  0.61  moles  of 
Gas  B  per  mol  of  n-he  feane.  This  is  to  bo  expected,  .  i 
the  methane  which  replaces  the  nitrogen  of  Gas  B  is  more 
solubl  ■  8  nitrogen.  This  fact  was  i  •©- 

vious  work  done  in  this  laboratory.  Previous  work  has  also 
shown  that  nitrogen  gas  takes  up  only  about  20*  less 
heptane  than  does  methane. 

The  results  obtained  would  appear  to  indicate  that 
the  presence  of  5 fo  or  less  of  nitrogen  in  the  Gas  B 
would  not  cause  sufficient  deviation  from  the  results 
obtained  with  pure  methane  to  justify  the  additional 
cost  of  removing  the  nitrogen  content  of  the  methane.  The 
difference  in  the  pressure-density  curves  for  the  n- 
heptane  and  Gas  B  and  for  the  n-heptane  and  pure  methane 
is  within  the  limits  of  the  experimental  error.  The 
greatest  difference  appears  in  the  solubility  of  the  gas 
in  the  liquid,  the  pure  methane  being  1  to  1.  ore 
soluble  than  Gas  B  within  the  pressure  range  studied. 
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Figure  13. 

Pressure-Density  Relationship  curves  1.  1. 
Solubility  relations  curve  2. 

n  heptane  and  2as  B  — - - 

n  heptane  and  pure  I.rethane  _ 
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Summary  of  Part  T 


sthod  for  the  purification  of  natural  gas  by  low- 
temperature  fra  al  distillation  has  been  presented. 

The  fractionation  was  carried  out  at  at mo  spheric  pressure 
and  produced  ga£  containing  99*5%  methane,  the-  remaining 
constituents  being  nearly  all  nitrogen.  The  method 
involves  little  initial  outlay  for  equipment  but  the  oper 
-ating  costs  are  considerable  owing  to  the  expense  for 
liquid  air.  Sage  :  I  '38'  3thod  for  the 

purification  of  natural  gas  by  fractional  distillation  at 
reduced  pressure.  The  initial  cost  for  equipment  for  their 
method  would  be  greater  however.  Efforts  to  reduce  the 
nitrogen  content  to  less  than  0.5  to  0.6%  by  the  method 
used  in  this  laboratory  were  not  successful.  The  form¬ 
ation  of  a  constant  boiling  mixture  of  methane  and  nit¬ 
rogen  was  suspected  but  not  investigated.  lro  reference 
to  the  formation  of  such  a  constant  boiling  mixture. could 
be  found  in  the  literature. 

The  vapor- liquid  equilibrium  of  the  i -pentane  isopen¬ 
tane  Oas  B  system  has  been  investigated  and  the  results 
compared  to  those  obtained  for  the  n-pentane  '"’as  B  system. 
The  critical  pressure  was  found  to  be  reduced  itoy  the 
presence  of  the  isopent  , 
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3  in  the  mixture  was  found  to  be  greater  tar  its  solubility  1 
in  pure  n-pentane. 

The  vapor-liquid  equilibrium  of  the  n-heptane  and 
pure  methane  has  been  studied  up  to  1500  pound* 
inch,  and  compared  to  the  n-heptane  and  Gas  syst  B  . 

Vi thin  the  pressure  range  studied  the  difference 
obtained  for  the  is  1  ly  si  '."leant.  The 

deviation  from  the  results  obtained  with  oure  methane 
caused  by  the  presence  of  5%  or  less  of  nitrogen  does 
not  justify  the  cost  of  removing  the . nitrogen*  The 
results  obtained  with  Oas  3  are  sufficiently  accurate 
for  the  purpose  of  the  present  investigation. 
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Part  II 

Mean  Molecular  V/eight  of  Naphtha  fractions. 

Introduction 

The  study  of- the  vapor- liquid  equilibria  in  a  hydro¬ 
carbon  system  (c.g.  methane  gas  with  a  pure  liquid  such 
as  heptane),  did  not  offer  great  analytical  diffi  . 

-  ciibed  in  Part  I,  the  determination  of 

the  carbon  to  hydrogen  ratio  by  means  of  a  combustion 
analysis  and  of  the  density  of  the  gas,  together  -..it li¬ 
the  volume  of  the  gas  and  the  weight  of  the  liquid  conden¬ 
sate,  yielded  sufficient  data  to  enable  computation  of  the 
qc  position  of  the  vapor  and  liquid  pha  .  'Tc  .v  a,  _ 

J.63  _  dr o carbon  system,  such  as  that  of  the  hydro- 

3  associate  ith  occurring  naphtha, 

cannot  be  analyzed  so  readily. 

Since  this  research  includes  in  its  field  the  study  of 
natural  gas  and  naphtha  fractions  such  as  occur  in  Turner 
Valley,  a  convenient  method  of  analyzi] 

complex  hydrocarbon  mixture  was  sought.  The  analysis  of 
such  hydrocarbon  mixtures  is  best  carried  out  by  cans  of 
fractional  distillation  with  equipment  such  as  the  Pod- 

-  ,  , 
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equipment  was  not  available  in  this  laboratory  and  so  . 
study  of  other  physical  perties,  for  the  raeasua 
of  whioh  equipment  was  available,  ....  .The 

chief  limiting  factor  was  that  the  measurements  must  be 
made  on  small  san  les,  *am. 

a  mixture  of  hydrocarbons  which,  ii 

ion,  appeared  to  offer  the  r 
information  as  to  the  character  of  the  ixture  was  the 
mean  molecular  weight*  It  appeared  possible  to  determine 
with  precision  the  molecular  weights  of  mixtures  by  the 
cryoscopic  method,  in  a  suitable  solvent,  using  only 
small  samples  of  the  mixture.  The  only  other  property 
in  this  class  was  refractive  index. 

Aside  from  its  importance  in  connection  with  the  vapor- 
liquid  equilibria  studies,  the  determination  of  the 
molecular  weights  of  hydrocarbon  mixtures  is  of  importance 
in  the  design  of  refinery  equipment  and  in  correlating 
other  physical  properties  of  such  mixtures  with  the 
average  molecular  cc  lexity.  In  what  fbllows,  the 
principles  of  cryoscopic  methods  and  a  precision 
apparatus  for  mean  molecular  weight  determinations  ..ill  be 
described. 
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Literature  Review. 

Several  reports  on  the  determination  of  the  mean 
molecular  weights  of  petroleum  fractions  were  found  in  the 
literature*  The  folic  '  istitutes  a  brief  review  of 

some  of  these  reports  and  their  bearing  upon  the  problem 
being  studied. 

Vilson  and  Wylde  (50)  made  determinations  of  the 
average  or  mean  molecular  weights  of  various  oils  in 
connection  With  work  on  vapor  pressures  of  volatile  solvent 
They  used  a  cryoscopic  method  with  benzene  as  the  solvent. 
Satisfactory  results  are  reported  for  gas  absorbent  oils 
(l  .  ..  160  to  SCO)  and  fair  results  for  oils  with  molecular 
weights  up  to  400.  They  obtained  the  value  of  the  •  ean 
molecular  weight  by  plotting  the  values  obtained  for  the 
molecular  weight  against  freezing  point  lowering  and  then 
extrapolating  this  line  back  to  zero  freezing  point 
lowering.  This  principle  of  determi  ing  the  freezing 
point  lowea  '  i  i  ‘  dilute  solution,  Where  the 

solution  s  m  ay  b  e  c  on  si  der  e  d  perfect,  is  of  :  e  mo  s  t 
importance.  In  trie  work, 

Generation  of  oil  in  the  pure  solvent  increased,  the 
apparent  mean  molecular  weight  increased,  -hey  explain 
this  on  the  basis  that  some  of  the  constituents  of  the 


, 


' 

■ 


* 
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oil  may  associate  or  form  colloidal  p-rtioler  at  the  h j  h  r 

. 

with  theory,  is  that  tl  luti  I  I  Ltyf 

the  activity  of  the  solute,  8 

point  depression,  beccmii  than  the  co ncentrati 

The  nature  of  the  solvent  is  important  for  another  rea;  , 
particularly  in  the  present  work  as  the  naphtha  contains 
relatively  light  hydrocarbons.  It  is  es  ential  that  the 
solvent  used  is  not  a  constituent  of  the  mixture. 

Epperson  and  Dunlap  (8)  determined  the  mean  molecular 
weights  of  ten  fractions  of  lubricating  oils  by  a  cryoscopic 
method,  using  three  solvents,  namely,-  benzene,  nitrobens 
and  ethylene  bromide.  They  used  the  regular  Beckmann 
freezing  point  apparatus  v/ith  the  addition  of  a  mechanical 
stirrer  and  equipment  for  keeping  the  solvent  under  slight 
pressure  v/ith  dry  compressed  air.  Sufficient  solute  was 
added  to  give  a  freezing  point  loweri  .  "  . 

Extrapolation  to  zero  freezing  point  lowering  was  not 
used,  food  agreement  was  found  between  the  values  of  the 
mean  molecular  weights  as  determined  ii  the  three  solvents. 
They  claim  that  this  agreement  tends  to  preclude  any  evi¬ 
dence  of  asso ci at  ion  b etween  the  molecules  of  the  solvent 
and  the  solute.  It  is  obvious  that  in 'this  wprk,  none  of 
the  solvents  could  be  a  constituent  of  the  lubricating 
oils  used  as  solute. 


Viscosity  determinations  v/ere  also  made  on  the  oil 
fractions  and  various  blends  of  these  fractions.  The 
results  indicate  a  possibility  of  predicting  the  viscosity 
of  blended  oils  from  the  values  of  the  mean  molecular 
weights.  Keith  and  Ho  ess  f  19 )  have  carried  out  similar 
work. 

This  viscosity  mean  molecular  weight  relationship  wa s 
not  directly  ap  li cable  to  the  work  on  the  vapor-liquid 
equilibria  because  the  small  size  of  the  s armies  of  liquid 
available  in  the  work,  and  the  volatility  of  the  ne 
f r ac  t i o  n s ,  mak e  accur at e  vi s  co  s  i  t  y  mea sure me nt s  d i f f i  ]  . 
However,  the  existence  of  such  a  relationship  suggested 
that  similar  relations  might  exist  between  mean  molecular 
weights  and  other  more  useful  properties. 

-enske,  McOluer  and  Cannon  (9)  report  a  method  for 
obtaining  average  molecular  weights,  of  com 'lex  high- 
boiling  hydrocarbon  i:  tui  js,  based  on  1  ' 

The  mean  molecular  weights  were  also  determined  V  a 
cryoscopic  method.  Cyclohexane  was  used  as  the  solvent 
because  of  its  high  cryoscopic  constant,  ^hey  determined 
apparent  values  of  the  mean  molecular  weights,  at  various 
concentrations,  and  extrapolated  to  zero  concentration. 

The  greatest  difference  in  the  results  as  obtained  by  the 
two  methods  was  7f. 


Fitz Simons  and  Thiel  o  (10)  r  port  tho  results  of 
determinations,  by  the  cxyoscopio  method,  of  the  molecular 
weights  of  various  or  eked  stocks  and  preer  ur -  -s till 

n  r  weight  results  are 

oorrelal  it]  boiling  point,  viscosity  and  density  data 
to  simplify  the  estimation  of  the  molecular  weight  of  any 
cracked  stock.  The  solute  was  weighed  and  stdded  ii  tl  ' 
walled  glass  bulbs  which  were  broken  by  means  of  the  stirrer 
Benzene  was  the  solvent  used  for  most  of  the  work  but 
nitrobenzene  was  used  for  the  lighter  fractions.  The 
"alues  of  the  cryoscopic  constants  'ere  calculated  from 
the  equation: 


ho 


P  -  cryoscopic  constant. 

H  =  gas  const?:-;  t  , 

Q  -  freezing  point  of  the  solvent  in  degrees  Eel 
Hq  =  heat  of  solidification  of  the  solvent  at  the 
freezing  point. 

Solvent  T  calcul  ted 

Benzene  65.60 


Cyclohexane  248.9 

Nitrobenzene  55.78 

The  thermal  data  was  obtained  from  work  of  Parks  and 
Huffman  (28).  It  is  of  interest  to  point  out  that  the  ore 


common  procedure  is  to  determine  the  cryosco«ic  oonste;  t 
■  '  11  "by  the  use  of  Hire  sol 

ill  and  Smith  (  52)  .escribe  a  modified  Beckmann 
ap par atus  f o r  th e  c ryo s copic  de t e n  lin at i on  o  lecu- 

i >hts.  Results,  obtained  b  the  authors  and  by 
eleven  co-operating  laboratories,  for  tl  lie 

benzene  as  a  solvent,  are  given  and  discussed.  The  collec¬ 
ted  data  shows  that  imourities  (other  than  moisture)  and 
moisture  have  an  adverse  effect  on  molecular  weight  deter¬ 
minations,  The  experimental  method  adopted  also  was 
shown  to  have  an  influence  on  the  results.  They  conclude 
that  discrepancies  found  in  cryosco* ic  determinations  of 
molecular  weights  of  oils,  as  reported  ii  the  litei  tur  , 
are  due  primarily  to  impurities  and  econdly  to  the  exper¬ 
imental  method  adopted. 

Host  of  the  liter  tur e  deals  with  the  determination 
of  the  mean  molecular  weights  of  hydrocarbon  mixtures  .  ith 
molecular  weights  of  200  -  300  or  gre  ter.  Correlation 
between  the  molecular  weight  and  the  viscosity  at  various 
temperatures  has  been  given  the  most  study. 

In  the  present  ork,  li  id  mixtures  to  be  studied 

will  have  relatively  low  molecular  weig 
50  to  15C .  Lrtl  ,  t  -  aval  lab  1  ill  , 
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» 

those  described  above  and  a  correlation  .vith  some  other 
property  than  viscosity  must  be  sov  .  ht  • 

4 

results  in  this  res pect.  He  &< 

of  determining:  mean  molecular  weights  cryo  cc  ic  llc  irni 
fou:  linear  relationship  bet  .  ' 

weights  and  refractive  index, 

having  molecular  weights  rsi  i  fro  .  -  to  140. 

The  method  ado  ted  in  this  laboratory  was  b  ised  on 
the  report  of  Steed.  Modifications  were  made  to  suit  the 
equipment  available  and  to  take 

tiens  made  by  other  workers  as  reported  in  the  lite.: 


Theoretical  Considerations 

?wo  principles  form  the  basis  for  the  sccup  k  ter 


mination  of  the  molecular  weights  of  s 
molecular  weight  of  substances  in  the  a  • 
determined  hy  the  application  of  Avagadro 1 s 

1 

pressure  contain  equal  m 

ular  weight  of  substances  in  sol  tioi  ,  be  he  ; 

measurement  of  any  of  the  collig  tive  p]  ,  •  -• 

properties  depending  u:on  the  relative  :;r: 


of  the  constituent 8  present  in  th  so] 

The  method  used  i  t'  foil  :  voif  i\  ■  od  on 

•as  '  one  of  t  <  •  Hi  tire  property  nai  ely: 

the  lowering  of  the  freezing  point  of  a  solvent  bt  the 
addition  of  a  solute * 

' 

of  dilute  solutions.  A  solution  may  he  defined  as  a  one 
phase  system  consisting  of  two  or  more  molecular  species 
transferable  one  into  the  other,  i • e.  it  is  a  he 
geneous  dispersion  of  one  substance  in  another*  liquid 
solutions  are  the  ones  upon  which  most  theoretical  work 
has  been  done. 

The  relations  between  molecular  weights  and  colli- 
gative  properties  may  be  deduced  from  either  kino-tic  theory 
or  thermodynamic  theory.  The  latter  method  is  elegant  and 
dilute  solution  ill  be  defi  , 
usual,  as  one  ohm  i  1 

pi  -  pi°iti 


.  ‘ 

-  . 

s  3l  f  '  so]  lution. 

=  T  that  the  lid  so]  doe 

solutions  with  the  soli  te.  T  - 1  3?B  *  f  lid 


solvent  in  solution 


T,T,-v  «v-*  4. 

i.  0  1  0 


i  ii  Driun 


(l) 


flZs. 


(&■)**  +  (W  : 


2) 


'  = 

solvent  upon 
From  Baoult’s  Law: 


:;Cl  vti 


1 


u  ,T 

-  1* 


and  the  relation  between  free  energy 

+•  B, 

and  r e  memb  er  i  n  g  t  ha  t 

<5  1  =  ~d  £, 


one  obtains 


- 

± 

1<Ti = 

3 


i  -  r2 

1  for  dilute  sol  rtions  , 


a- 


For  any  system  in  eq  '  , 

■n  __  _  "ig 


hence 


and 

3  ■ 


d  - 


a-: 


where 


t  o  tal  he  at  c  ont  en  t . 
e:n: 


rtrt 
I  ( 


Applying  to  t-'o  two  e< 

solid  solvent 
sind  sub sti tu ti  ng  in  f  2 )  ab 


1 


- 


From  (1)  abov  ,  - 


=  '1 


b.  l.  - 

where,  TT0  = 


a  t 


heat  of  sublimation  of  the 


(3) 


1 

i  Tip  -  heat  of  fusion  of  the  e 

Tg  —  for  cl  i  lu  t  e  s  o  1 11- 1 i  o ns 

n-i 


large  comp area  to  ng. 

•  2^1  since  n-  =  ^i/%  n£  r  ’2/ 


f1^2 


..g  -  grg  .  .  , 

Mg  *  molecular  weight  1  , 

7/ ^  =  gram-  of  solvei  , 

Mi  a  molecular  weighi 


■Qm*-'  tt-iWo 


AT  . 


, 

equation  he  corses  l-o  r 


the 


{Z  L:i 


(4) 


'  2  -  A  *2 
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solute  and  solvent  of  l:nov/n  molecular  weig  ts  or  it  can 
be  determined  from  thermal  d  ta.  Suf  icient  has  teen  saia 
to  indicate  the  fundamental  basis  for  the  method  of 
determining  molecular  weights.  The  theory  is  strictly 
app  1  i  cab  1  e  o nly  t  o  i  n fi  1 1  i  t  el  y  dilu  . 

, 

method  is  applicable  to  solutions  of  such  concentration 
as  can  be  used  in  the  laboratory.  nh  method  i;  • .  to 
correct  to  zero  concentration  will  be  described. 

Pro  (  ,  above,  it  is  evid 

given  solvent  of  known  freezi  i  '  , 

the  experimental  quantities  to  be  measured  are  the  freez¬ 
ing  "Doint  lowering  and  the  weights  of  solute 
used. 

The  true  freezing  point  of  the  pure  solvent  or  of  a 
solution  was  determined*  in  principle, 
by  Steed  (44).  In  this  method,  s  )ooli 

ial  in  the  cryoscopic  tube  was  obtained  under  con tr- 

•  > 
the  terroerature  at  which  solid  solven 
in  equilibrium  with  the  liquid  was  hound. 

Por  .a  pure  solvent  the  cooling  curve  should  be  of  the 
-  shown  in  Pigure  15.  The  line,  A-B, 


TIME 


Figure  l.  .  Cooling  G  Pure 


cooling  of  the  liquid  solvent.  Below  the  point, 
solution  is  supercooled.  At  the  point,  B,  the  £ 
"begins  to  crystallize  out.  The  liberation  of  ti 
heat  of  fusion  causes  a  sudden  rise  in  temper  tu 
the  line,  3-0,  to  the  freezing  temperature  o  ' 

As  the  remainder  of  the  solvent  freezes, 
remains  constant  at  the  freezing  temper  turn  of 


vent,  as  she 


cti 


After  all  of  the  solvent  has  been  froz 
of  the  frozen  solvent  begins  to  fall  a! 
the  cooling  curve  of  the  solid 


solvent . 


—  — 


portion  of  the  our\ 


16 


. 

For  a  solutic 
is  obtained  and  tin 


a  ooo ling-  curve  of  e 
is  lllustr*  bed  in  fi 


uj 

Q 

K 

CC 

Uj 

CL 

§ 


TIME. 


'igure  16.  Cooling  Curve  for  a  Solution 


As  before,  A-B  shows  the  rate  of  cooling  of  “ 
solution.  Col  o'. the  point,  F,  the  solution  is  si 
cooled.  At  the  point,  B,  the  solid  solvent  begins  to 
crystallize  out.  The  liberation  of  the 
fusion  occurs  as  in  the  case  of  the  pure  solveiit,  and 
temperature  of  the  solution  rises  rapidly  alony  the  1: 
-  ,  lut 


-  1- 


> 


point,  C,  gives  the  free z in, 

after  some  solvent  has  separated  and  is  not  the  freezing 
point  of  the  more  dilute  original  solution.  Fro  ■  this 
point  the  phenomenon  differs  somewhat  from  the  case  for  a 
pure  solvent.  In  the  case  , 

solid  solvent  crystallizes  out,  the  fre< 

of  the  remainder  remains  constant  until  all  of  the  solvent 
has  been  frozen.  However,  i  lution, 

the  solid  solvent  crystallizes  out,  the  concentration  of 
solute  in  the  remaining  solvent  increases  steadil 
therefore  the  freezing  temperature  drops.  This  is  sho\ 
iii  Figure  1G  by  the  slope  of  li  ,  3-D.  After  all  of 
)lvent  has  been  frozen  out,  the- curve  follows 
line,  D-E,  the  cooling  curve' of  a  saturate  i  , 

to  an  eutectic  point.  Assuming  the  solutions  to  be  ide  , 
C-D  will  be  a  straight  line  and  extrapolation  of  1  hie, 
C-D,  until  it  intersects  the  line,  A-B,  will  giv 
freezing  temperature,  F,  of  the  solution  at  the  original 
concentration.  In  solutions  of  the  concentrati  s  3 
monly  used  for  cryoscopic  measurements,  1-1  is  Sufficiently 
ht  to  locate  the  point,  F,  within  0.001°C. 

It  is  evident,  that,  , 

C-D,  the  more  accurately  the  freezing  point  c  - 

mined,  since  the  lines,  i-B,  and  F-C-D, 


■ 


t 


t  t 


!-Dt  LI 


» 

controlled  to  some  extent  b  the  oono nitration  of  the 
soluti on  but  will  b( 

between  the  temperature  of  the  cryoscopic  tube  and  the 
surrounding  cooling  bath.  3onsequ 

li ttl  '  le ,  lower  in  te 

the  cryoscopic  tube.  Further,  for  reprod  cible  „ 

the  temperature  difference  should  be  maintained  02  st-.^t  as 
the  temperature  of  the  solutioi  11s.  This  is 
ticable,  but  an  alternative  o:is;::  ii 
bath  at  a  flood  tei  per  t  ir  , 

to  overcome  supercooling,  This  procedure  is  reproducible 

• 

with  the  solutions  us^d.  With  more  <  ■  , 

i. e*  1  A  ,  line,  C-j), 

come  curved  when  using  this  procedure. 

The  degree  of  supercooling  -.Iso  influences  the 
accuracy  ■  rith  which  the  freezing  point  can  oe  deturmii  ed. 

re e  of  supercooling  increases, 
in  the  temperature  of  th<  ,  >  »  •• 

the  line,  C-D,  must  be  extrapolat 
before  intersecting  j  line,  A-B. 

excessive  supercooling  is  not  to  oe  desired.  ‘  n  tne  otn^r 
hand,  the  supercooling  should  3 


. 

the  section  of  the  sooli  ,  f 

ot,  i.e.  rounding  off  of  the  curve  will  oo  t  C 
and  the  length  of  the  straight  line,  C-D,  will  be  reduced* 
This  mates  it  difficult  to  carry  out  accurate  extra¬ 
polation  of  the  line,  C-D,  to  the  ooi  t,  ?. 

The  degree  of  superco<  li  n  i  any  factors, 

such  as  the  physical  features  of  th<  tube,  the  roist  re 
content  of  the  solution,  the  presence  of  inert  foreign  bodie 
and  the  nature  of  the  sti  '  .  All  of  these  may  be  con¬ 

trolled,  or  at  least  made  reproducible.  In  the  pi 
work,  the  tube  and  apparatus  was  used  in  all  of  the 

work.  The  solutions  contained  a  drying  agent,  ITagSO^.  or 
CuSOa,  which  served  also  as  an  inert  foreign  body.  The 
stirrer,  of  the  vertical  ring  t  oe,  was  driven  through  a 
crank  and  ai*m  b_  a  constant  speed  motor  at  80  oscillations 
per  minute.  Under  these  conditions,  the  degree  of  super- 

sufficiently  constant  in  all  measurements. 

'■Then  molecular  weights  of  oil  fractions  are  calculated 
from  data  obtained  by  a  precise  cryoscopie  etho  , 
usually  found  that  they  change  uniformly  with  the  concen¬ 
tration  of  the  solute  oil  in  the  solvent.  As  pointed  out 
above,  this  is  due  to  deviatioi  s 
solutio:  s  which  occur  at  higher  co ncentratioi  .. 


* 


,  , 


* 


‘ 


5 


, 


relation  between  molecular  weight  and  concni  trati 
nearly  linear  and  may  be  taken  as  accurately  so  t  low 
co noentrati  s .  lei  oe,  if  1 

mined  at  two  or  more  concentrations  and  -lotted  >  ai  mt 
these  concentrations,  extrapolation  of  th<  line  so 
obtained  to  zero  concentration  will  give  the  true  molecular 
weight  of  the  solute.  Alternatively,  the  molecular 
weight  may  be  plotted  against  -the  depression  of  the 
freezing  point  ( 12 )  and  a  straight  line  obtained  that  may 
be  extrapolated  to  zero  freezing  point  depression  to 
obtain  the  true  molecular  ight.  point 

depression  is,  of  course,  ortional  to  the  concentra¬ 

tion  of  the  solution  in  dilute  solutions. 

kali  and  Smith  (33)  report  on  relations  between 
molecular  weights  of  oils  and  concentration  in  dilute 
solutions.  They  state  that  ,Tthere  appears  to  be  a  re¬ 
lation  between  the  slope  of  the  molecular  weight  concentra¬ 
tion  curve  and  the  value  of  the  extrapolated  molecular 
weight.  If  this  relation  is  equated  vith  the  concentration 
and  the  molecular  1  t,  the  result  is  an  equati 
will  give  the  value  of  the  extrapolated  mol  ecu] 
from  one  determination They  also  give  equations  for  oils 
which  they  have  studied  in  benzene  and  ethylene  bromide  as 
s  o 1 v  en t  s,  -co mp arise  la  d  ex t  ro po la t e 


is  given. 


Such  equations  are,  however,  i  I  i 

yet  and  are  good  only  for  the  particular  oil  and  solvent 
studied.  Howeve  ,  ii  the  pr  ,  si 

solvent  was  always  used  and,  since  t 

mixtures  of  closely  related  hydrocarbons,  a  relationship 
such  as  found  by  Hall  and  Smith  might  be  expected.  Such 
was  the  case,  a s  w ill  be  s h o \ n  1  in  v / 1 1  a t  foil o w s •  r' : i e 
measurement  of  the  molecular  weight  at  some  known  con¬ 
centration  was  sufficient  to  fix  the  molecular  weight 
concentration  curve.  This  gave  the  true  molecular  weight 
obtainable  from  equation  (4)  and  an  infinitely  dilute 
solution. 


-  - 


Hat  er  ial  s 

Nitrobenzene  was  c] 

ocular  urinations.  1  reasons  existed 

for  this  choice*  Nitrobenzene  has  a  r  ~  lvely  large  cry- 
os  cop ic  constant  and  a  convenient  freezi  .  , 

there  was  no  possibility  of  its  presence  in  Turner  Valley 

,  aenzene  and  cyclohexai  , 

commonly  used  in  cryoscopic  work,  occur  in  Turner  Vail 
naphtha  to  some  extent  an(  .  , 

cyclohexane  is  not  a  good  solvent  for  th  det ermination  of 
the  mean  molecular  weights  of  oils. 

very  large  cryoscopic  constant,  the  section  C-D  (Fig.  1C ) 
of  its  cooling  curve  has  a  steep  slope  (10). 
accurate  determinati  n  of  the  freezing  point  difficult 
because  of  the  smaller  angle  at  the  point  of  intersection 
of  C-D  and  A-B  (Fig.  16).  Finally,  nitrobenzene  maybe 
prepared  in  the  pure  state  1  tively  easily  by  fractional 
crystallization. 

The  nitrobenzene  used  as  a  solvent  was  prepared  from 
nitrobenzene  G.P.  grade.  The  nitrobenzene  was  filtered  and 
then  recrystallized  twice;  three-quarters  of  the  liquid 
was  cry  tallized  each  time  and.  t r€  ai  der  -  0  ■-  -  • 

The  solvent,  as  used,  had  a  refr*  1.55012 

(I.C.T.,  1.  529).  After  a  molecular  weight  determinati 
had  been  made  the  solution  was  saved.  'he  solvent  as 


recovered  "by  distilling  off  the  dissolved  solute  and 
recrvstallizing  the  recovered  s  Ivent . 

Jj’or  the  purpose  of  determining  the  value  of  the 
eryoscopic  constant  of  the  nitrobenzene,  the 
method  was  used  in  preference  to  the  theory  which  et  loys 
the  latent  heat  of  fusion.  Three  cure  solutes  of  nov/n 
molecular  '  ]  were  prepared,  namely;  bei  , 
heptane  and  cyclohexane. 

The  preparation  of  these  pure  solutes  was  carried  out 
as  follows. 

Benzene.  The  starting  material  used  was  thiophene  free 
benzene  of  analytical  reagent  quality.  This  was  distilled 
and  the  middle  third  of  the  distillate  retained.  The 

•  , 

Normal  Heptane.  in  the  case  of  the  benzene,  a  good 

quality  chemically  pure  sample  of  n  heptane  (from  pine  oil) 
was  distilled  and  the  i  le  third  of  the  distillate  re¬ 
tained.  The  corrected 
(98.4°G.,  (16)  ). 

Cyclohexane  •  This  was  prepared  by  re  distill  at  ion  of  cyclo¬ 
hexane  which  had  been  prepared  for  solubility  woi  (l  )• 


—  uu- 


-  :  iourse  of  the  experi- 

,  — 

sodium  sulphate  and  anhydrous  copper  sulphate. 

The  sodium  sulphate  used  was  prepared  from  chemically 
pure  anhydrous  sodium  s  1  .  This  was  dried  from  time 

to  time  by  heating  in  an  electric  drying  oven  for  several 
hours. 

The  sodium  sulphate  wa  replaced  by  copper  sulphate 
which  proved  to  give  more  satisfactory  results.  The  copper 
sulphate  used  was  prepared  by  careful  dehydration  aid  drying  ^ 
of  copper  sulphate  crystals. 

The  Turner  Valley  naphtha  used  in  the  experiments  was 
obtained  from  a  sample  of  the  naphtha  and  gaseous  phase  from 
the  Sterling  Pacific  ITo.  2  well  in  the  Turner  Valley  field* 

One  high  pressure  cylinder  containing  liquid  naphtha 
and  gaseous  phase  was  available  and  three  containing  the 
gaseous  phase.  The  method  of  removing  the  liquid  and 
gaseous  phases  fi  m  tl  3;  1  d  rs  is  3  i  3  ted  in  Fig.  17. 

The  high  pressure  storage  cylinder  was  inverted  upon 
a  heavy  wooden  stand.  A,  ,  , 

twelve  litre  flash,  D.  This  flask  contained  1  litre  of 
concentrated  KOH  solution.  The  reflux  condenser,  E,  was 
cooled  by  a  freezing  mixture  of  ice  and  water  placed  in  the 
metal  container,  F.  The  top  of  this  reflux  cond< 


-  :  - 


sted  to  1  ' 

?he  valve  of  the  hi 

fully  opened  and  the  liquid  content  £  allowed  to  a  rr  Into 
^  3  gi  hase  pa  the  reflux  condenser 

>da-lime  tower  to  the  gas  i  to  rage  v..  .•  c-ic  - 

tents  of  the  fl«  , 

,  - 

s  3  .  1]  1  OH  tivel^  •  any 

gen  sulphide.  The  sulphur  content  of  the  gas  phase  was 

the 

also  rod  b_  v\  :  1  a- 1 i w ..  sc  idd  or. 

Three  high-pressure  cylinders  containing  samples  of 
the  gaseous  phase  were  also  emptied  in  this  way.  This 
wss.  done  in  order  to  remove  any  condensable  naphtha 
fractions  present  in  the  gaseous  phase  and  to  remove 
water  vapor  and  sulphur  compounds. 

The  gas  going  to  storage  was  compressed  hy* means  of 
a  three-stage  compressor,  into  the  laboratory  high- 
pressure  gas  storage  system. 

e fluxing  removed  the  lighter  rbons,  0-^  to 

,  .  '  '  ,  ' 

of  liquid  naphtha  were  obtained. 

Table  3  shows  the  data  obts  i3  ml  fr<  -  .  T. 

distillation  of  a  sample  of  this  naphtha* 


- >  to 
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Method  of  Purification  of 
Valley  Pap ht ha> 


Pigure  17 


iumer 


Table  3 


S.  T#  M.  Distillate 

( m  l  l  a  1 1  ) . 


Total  volume  of  sample  100  c.c. 


Volume  of  Distillate 


' _ 


u . 


Initial  b 


p. 

47 

5 

57 

10 

61 

15 

65 

20 

70 

25 

75 

50 

77.5 

55 

82.0 

40 

87.5 

45 

91.0 

50 

95.5 

55 

101.5 

60 

104.5 

65 

112.5 

70 

122 

Residue  3  c.c 

75 

150 

80 

158 

Loss  6  c.c 

85 

153 

90 

17  8 

91 

188 

end  point 

Two  series  of  fractions  were  prepared  from  the 
naphtha 

Stirling  DacificAfor  ‘  3an  molecular  weight  determin¬ 
ations. 

Series  I  was  prepared  by  fractionati  n  of  a  50C  c.c. 
sample  of  the  Sterling  Pacific  naphtha  in  a  silv  , 
feted,  true  boiling  point  col 


frilly  controlled  and  a  reason- 
ably  go od  separation  1  ,  , 

and  other  hydrocarbons  is  believed  to  have  been  attained. 


Table  4 


Series 

I  - 

Sterling  Pacific 

II ap  h th  a  Hr  ac  t  i  on  s 

fraction  ho 

.  3 oil iiir  Hang 

e  °G.  Volume  in  c 

1 

16  -  30 

pentanes  78 

o 

(J 

38  -  65 

50 

3 

63  -67 

50 

4 

69  -  81 

50 

5 

85  -  95 

50 

6 

97  -102 

70 

7 

103  -146 

100 

8 

He  si  due 

35 

Loss  17 

c.c . 

These 

eight 

fractions  were 

used  as  samples  in 

determination  of  mean  molecular  weights. 


Table  5 

A.  3.  T.  M.  Distillation  of  -  ion  3.  (Residue) 
Total  S3  c.  c. 

Volume  of  distillate  .  0  . 


Initial 


b.p. 

179 

5 

185 

10 

189 

15 

194 

20 

202 

25 

220 

Residue  6c. c 
Loss  2c. c 


Series  II  was  prepared  by  an  A.  S.  T.  II, 
distillation  of  500  c.c.  of  the  Sterling  Pacific 
naphtha. 


Table  6 


Series  II,  Sterling  Pacific  .Naphtha  Practi 


Traction  IIo. 


Boiling  range 


On 


Volume 


1 

2 

3 

4 

5 

6 
7 


up  to  7  5 

75  -  100 
100  -  125 
125  -  150 
150  -  175 
175  -  207 
Be  si due 


76.6 

81.3 

65.6 

52.4 
18.0 
11.2 

4.9 


loss 


10.0c. c 


i  • 


Barometer  690.4  mm. 


w  0  0. 


.  paratus  and  Method  of  Opsrati  • 

Steed  (44)  used  a  platinum  resistance  thermometer 
ana  eh]  aph,  in  conjunct! 

and  sensitive  galvanometer,  f( 
of  ti 

equipment  was  not  available  in  this  labor* 

it  was  necessary  to  use  a  calibrated  differential  Bech- 

mann  thermometer  and  a  laboratory  stop-watch. 

The  apparatus  used  was  of  a  modified  Beckmann  type 
(r).  Several  features,  recommended  by  other  workers  and 
oerience  to  produce  the  results,  were  incorporated. 
While  unable  to  give  results  of  precision  comparable  vith 
those  of  steed,  th  apparatus  and  procedure  described  in 
what  follows  gave  satisfactory  results  in  the  present 


wo  rk . 

better  results,  the  type'  of  ai  tus  described 
hy  Maras  (l)  or  by  ICrauss  and  Yingee  (20)  or  by  Steed  (44), 

must  "be  used. 

The  apparatus  used  for  the  mean  molecular  weight 

determinations  is  shown  in  Figure  1  . 

The  following  gives  the  key  to  the  lettering  on 

figure  18, 


is  a  co  fc 

gear  which  was  used  to  operate  the  stirrer,  D. 


-  - 


( 11 )  was  fitt  ‘  s 

used  at  about  80  R.  P.  M.  I 

service. 

The  gla s s  s t i r re r ,  D wa s  c o nn e c t ed  b; 
ing  rod  to  a  crank  which  was  in  turn  connected  to  the  i  otor 
by  the  flexible  coupling  ,  C. 

The  motor  and  stirrer  connections  we  re  mounted  on  the 
steel  rod  support,  3. 

S  is  the  differential  Beckmann  thermometer  used  for 
measuring  the  temperature. 

rI.  is  the  special  large  test  tube  used  for  holding  the 
solvent . 

J  is  a  clear  Dewar  tube  in  which,  the  vacuum  had  been 
released  through  a  small  hole  in  the  bottom.  It  served  as 
an  air  bath  controlling  the  rate  of  heat  transfer  from  the 
cryoscopic  tube  to  the  cooli:  v  tube. 

3  indicates  the  Bak elite  supports  for  the  Beckmann 
thermometer  and  the  freezing  point  tube,  k. 

,  J,  '  '  , 

b  r  a s  s  sp  ri  n g s,  L,  an  d  the  t  ran  si  t  b  o  ar  d  t  op  t  T-T,  i  n  t  he  1  a  rge 
battery  jar,  IV  A  strong  stirrer,  3,  was  pro  via 
mixing  the  freezing  mixture  in  the  battery  jar.  The 
apparatus  was  mounted  in  a  strong  wooden  fr 

It  is  evident  that  the  freezing  point  tube,  ,  a  - 


igure  18 


Apparatus  for  ITolecular 
Det  erminat  io  ns  • 


IO 


enclosed  in  a  double  air  space.  This  enables  a  1  I  orm 
slow  rate  of  cooling  to  be  obtained.  It  w found 
necessary  to  use  a  clear  Dewar  tube.  With  a  silvered 
,  tube, 

extremely  slow  and  excessive  supercooling  occurred. 

, 

warmer  would  serve.  Experie  ]  ov/ed  that  a  I  *a- 

ture  of  0°d. ,  maintained  by  an  ice  and  wal 
in  the  jar,  I  ,  was  satisf  ctory. 

The  procedure  used  during  the  dete-  mi  nation  of  the 
mean  molecular  weight  was  brief!/  as  follows. 

An  ice  and  water  mixture  w w  placed  in  the  battery 
jar.  The  Beckmann  thermometer,  stirring  rod  and  freez¬ 
ing  point  tube  were  cleaned  and  carefully  dried.  ibout 
forty  grams  of  the  nitrobenzene  solvent  were  weighed  out 
in  the  freezing  point  tube.  When  adding  the  solvent  to 
the  tube  a  funnel  was  used  t  ~.rent  the  solvent  from 
wetting  the  tube  walls  above  the  liquid  level  in  the 
tit )  e .  A  drying  ag  en t  w as  tl  1  en  add  e d .  At  first  ;wo  - 
three  grams  of  anhydrous  sodium  sulphate  were  use".  nhis 
was  later  replaced  b  one  -  two  grans  oa  anhydrous  copj  er 
sulphate  which  proved  to  give  more  satisfactory  results. 
According  to  Roberts  and  Bury  the  addition  of  the  drying 
agent  keeps  the  vapor  press  » 


i.e. 


itive  mass  constant,  rather  i 

constant .  ( 35 )  • 

' 

position  and  the  solvent  cooled  by  placir  the  freezing 
point  tube  in  an  ice  and  water  mixture  directly, 
solvent  was  stirred  by  hand  until  the  crystals  of  the 
frozen  solvent  appeared. 

The  solvent  was  then  allowed  to  warn  up  until  the 
crystals  melted.  This  cycle 

six  times.  The  outside  of  the  freezing  '  the.. 

Bar  Led.  The 

thermos  bottle  and  the  stirring  rod  attached  to  the 
stirring  motor. 

The  above  procedure  of  repeated  freezing  of  the  solvent 
was  used  for  the  purpose  of  securing  more  constant  freezing 
points  for  the  solvent.  The  procedure  ..as  re  cor  mended  bj 
Guillick  (15)  and  has  been  feu:  <•  to  ,  essential  for  the 
production  of  reproducible  freezing  point? . 

The  solution  was  then  stirred  at  a  uniform  rate 
'  H.  ?.  M.  and  readings  of  the  temperature  were  taken  in 
the  usual  manner  at  suitable  time  intervals.  nhe  time- 
intervals  v/ere  measured  by  means  of  a  double  handed  stop¬ 
watch,  f  alue  taupe  t! 

respond in g  times,  a  cooling  rve 


i. 

figure  15). 

Occasional  trouble  was  experienced  with  excessive 
supercooling  of  the  solutions.  It  as  found  tb  it  alio  lug 
the  glass  stirring  rod  to  gently  bump  the  bottoi.  of  V 

fficient  to  cause  crt .  .  ization  to  occur# 
The  solvent  was  then  warmed  until  all  the  cry  stale 
had  melted  and  the  freezing  point  redetermined.  After 
two  consecutive  values  for  the  freezing  point  agreed 
within  0.002  degrees  centigrade  or  les*  ,  th< 
of  the  solute  was  added  fro 

headings  of  time  and  temperature  v/erc  tahen;  a  cooling 
curve  plotted  and  the  freezing  point  of  the  solution 
obtained  as  described  above  (figure  16). 

further  portions  of  the  solute  ..ere  added  and  the 
freezing  point  d- t  ermine  &  as  before# 

from  the  experimental  '■  ,  i.e.  j 

the  freezing  point,  weigl  » 

the  apparent  mean  molecular  weight  v  s  calculated. 

The  series  of  apparent  .  ]  1  Ights, 

determined  for  a  particular  fraction,  were  then 
against  the  corresponding  value 
ing  '  t.  ’p  ■  .  lati 
freezing  point  lowering,  the 
the  fract ion  was  obtai n ed. 


- 


Precis  ion  '  '  'oa;.  >r 

nh.e  rurhical  method  .sec"'  for  obtai  :  g  the  freezing 
point  lowering 

ments  themselves.  The  original  freezing  point  of  the 
solvent  was  reproducible  by  the  method  used  to  within 
0.0  ' 

•  * 

. 

did  not  exceed  0.00 s°l. 

The  error  in  deteimining  the  freezing  point  lowering 


was  greatest  after  the  first  addition  of  solute* 

• 

*6°C.  At  higher  concentrations  < . 

Id  be  less, —  0.001  to  .  2°  , 

The  weight  of  solvent  could  be  dete mined  with  an 
error  not  exceeding  1  to  1.5  in  1 
well  .within  the  precision  desirec  » 

results  reproducible  to  1  in  500.  , 

the  limiting  errors  and  can  be  neglected  1 
with  the  error  introduced  in  adding  the  solute. 

As  described  above  the  solute  was  ad'  ea.  from  a 
weighed  pycnometer.  Saeh  weighing  eo 
±  0.00C 

by  difference  i.e.  two  weighii  -  , 


t.  0.001 


Tor 
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o  of 

1  part  in  300  to  400.  The  axirnum  er  ore  were  approxi¬ 
mately  the  same  for  the  larger  v/eights  of  solutes  since 
additional  weighings  ho.d  to  he  made. 

lowever,  seible  i 

solute,  were  not  sc  '  nt  as  the  errors  pos,  LI  1 

to  tl  ]atile  re  of  the  lower  hoilii  g  fr  ctJ  ... 
Evaporation  of  solute  from  the  end  of  the  pycnometer 
when  solute  was  being  added  to  the  solvent  , 

case  of  the  lower  boiling  fractions,  cause 
excess  of  those  due  to  errors  in  measuring  the  freezing 
point  lowe  '  r  the  actual  weighing  of  the  soli 
The  maximum  error  introduced,  as  evidenced  by 
disagreement  in  duplicates,  was  1  fo,  dommonly,  as  i 
tion  of  the  data  will  show,  the  error  w?  s  much  small 
Another  method  of  weigh in g  and  adding  volatile  solvents 
is  desirable.  ITo  method  of  sufficient  sir  licity  has 


been  devised. 


- 


The  experimental  data  dnd  results  are  shown  as  much 
>osslble  in  the  fozm  of  tables  and  ;raphs.  The  results 
for  Series  I  and  Series  II  of  the  naphtha  fractions  are 


index-density  molecular  weight  relation  an 
molecular,  weight  relation. 


Galculati  ons 


The  values  of  the  apparent  mean  molecular  weights 


were  calculated  from  the  experimental  data  by  means  of  the 
equation  (a). 


( a) 


AT  —  freezing  point  lowe 
7/ g  =  weight  of  solute. 

z  molecular  we j  . 

■g  =  weight  of  solvent. 

=  molecule  Ivent. 

K  =  the  cryoscopic  constant  of  the  so] 


liquation  fa)  in  the  -  A  ?  .  - 


wa .  ..  1 

oscopic  constant  of  the  nitr  d 

The  solutes  of  known  molecular  weight  used  were 


■benzene,  normal  heptanfc  i 
data  is  shown  in  fable  7. 

The  values  of  the  cryosoopio  constant  for  nitrobenzene 
at  zero  concentration  were  obtained  bj  plot 
ent  values  of  the  cryoscopic  constant  against  the  corres¬ 
ponding  concentration  of  solute  in  the  solvent  and  extra¬ 
polating  to  zero  concentration.  This  extrapolation  is 
shown  graphically  in  fig.  19. 


Notes  for  Table  7. 
Column* 


Dx pi  anati  on 


1. 


2. 


3. 

4. 


5. 


6. 


lumber  of  the  run. 

Depression  of  the  freezing  point  in 

degrees  centigrade. 

height  of  the  solvent  in  grains. 

V/eight  of  the  solute  in  grams. 

’0*  is  the  concentration  of  the  solute 
in  grams  per  100  grams  of  solvent. 

T  X*  i  he  apparent  value  of  t 
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Value  of 


CRYOSCOPIC  CONSTANT  ' 


“-LV  l  “ 


CONCENTRATION  OF  SOLUTE  IN  GRAMS  PER  IOO  GRAMS  OF  * 


Figure  19.  Apparent  values  of  th  ic 

constant  plotted  against  concentration  of  solute 
in  solvent. 


/  a. 

nitrobenzene 

as 

, 

benzene  as  solute 

2  o. 

nitrobenzene 

as 

s  olv  , 

heptane  as  solute. 

5  c. 

nitrobenzene 

3  S 

so1 vent, 

cyclohexane  as  solute. 
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Summary  of  Results  Obtained  for  the  Cryosoo)  ic  Constant 


Solvent 

nitrobenzene 

tt 

it 

a 


Table  G 

Value  of  K,  Cryos  • 

at  C  :  0 


Benzene 

56. G 

normal  Heptane 

56.7 

cyclohexane 

. 

Thermal  data 

55.8 

-56. 

mean  molecular  weights  of  the  naphtha  fractions. 


The  experimental  data  for  Sterling  Pacific  aphtha 

I  are 


•  ITotes  for  Table  9. 

Sterling  Pacific  naphtha  Series  I 
Column  1.  Humber  of  the  run. 

2.  Haphtha  fraction  used  as  solute  and  its 
boiling  range. 

3.  Lowering  of  the  freezing  point  in  degrees 
centigrade. 

4.  The  mass  of  nitrobenzene  used  as  solvent. 

5.  The  mass  of  solute  used. 

6.  Apparent  mean  molecular  weight  as  calculated. 
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7. 

dilution  as  obtained  from  the  plot  of  the 
values  in  column  6  against  the  values  in 
column  3  and  extrapolating  to  zero  freezing 
point  lowering,  (cf.  -Tig.  20). 

8.  The  refractive  Indea  of  tl 

obtained  immediately  after  the  molecular 
weight  determination. 

9.  The  density  of  the  naphtha-' fraction. 


The  values  in  column  7  of  mable  9  were  obtained  from 
the  graphs  shown  in  Figure  20. 

This  figure  shows  the  apparent  mean  molecular 
weights  of  the  various  naphtha  fractions  'lotted  against 
the  depression  of  the  freezing  point,  from  the  straight 
lines  obtained  from  the  experimental  points,  it  is 
evident  that  the  relationship  between  the  lowering  of  the 
freezing  point  and  the  apparent  molecular  weights  is 
linear  in  nature  within  the  limits  of  error  of  the  metncd. 
The  lines  for  the  different  fractions  are  very  nearly 
parallel  as  can  b  seen  in  Figure  20.  This  would  seem 
to  indicate  that  the  relationship  between  the  apparent 
"ocular  weight,  the  slope  of  the  lines  and  the  con¬ 
centration  of  solute,  is  the  same  for  the  different 
fractions  in  Series  I.  Such  a  result  would  be  predicted 
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Table  9, 


Sterling  Pacific  Naphtha,  Series 

I 

Data 

for  Mean  Molecular 

’/eight  Determinations, 

1 

2 

4 

Pun 

Do. 

Pract  ion 

Moil  in,::  Range  °9- 

On 

• 

38 

2 

(38  -  53) 

0.519 

1.273 

1.733 

42.51 

IT 

If 

39 

2 

(38  -  63) 

0.644 

1.164 

1.629 

42.52 

IT 

If 

40 

3 

( 65  -  67 ) 

0.709 

1.224 

1.784 

42.46 

TT 

II 

2%> 

4 

(69  -  81) 

0.490 

1.202 

1.610 

40.64 

ii 

it 

41 

4 

(69  -  81) 

0.936 

1.344 

1.790 

42.49 

ii 

it 

6  5 

(85  -  95) 

0.622 

1  190 
1.793 

43.45 

it 

it 

66 

(85  -  95) 

1.138 

1.735 

43.72 

it 

67 

( 85  -  95) 

0.528 

1.635 

44.16 

it 

68 

5 

(85  -  95) 

0.639 

1.178 

1.741 

43.97 

rt 

it 

S 

|,  .  6 

I 

8 

9 

■  Apparent 

M.M.W 

Refractive 

Density 

w9 

ll.ii.W 

Index 

0.290 

|  91.4 

0.756 

:  97.0 

87.1 

1.37740 

0.6638 

1.068 

100 , 8 

0.361 

S  92.4 

0.692 

:  97.9 

87.1 

1.37740 

0.6638 

1.002 

101,4 

0.405 

93.6 

0.7  30 

97.8 

88.2 

1.38479 

0.6800 

1.105 

101.7 

0.265 

.  92.7 

0.688 

98.2 

'08.1 

0.956 

101.8 

0.536 

93.9 

0.794 

96.8 

88.0 

1.39739 

0.7073 

1.089 

99.7 

0.399 

103,0 

0.803  ■ 

j 108; 3 

98.5 

1.40445 

0.7163 

1.284 

114.9 

average 

0.769 

107.9 

1.236 

113,5 

from 

1.40386 

103.4 

0  •  346 

112.5 

the  four 

'  1.40406 

1.168 

103.4 

0.417 

il08,  3 

runs 

1.40406 

0.805 

KL12.3 

1.236 
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1 

p 

*4 

3 

4 

5 

69 

6 

(97  -  101) 

0.522 

43.60 

0.351 

1.181 

ii 

0.836 

1.851 

»  Tt 

0.366 

70 

6 

0.633 

42.98 

0.423 

(97  -  101) 

1.226 

ii 

0.856 

1.794 

it 

1.289 

71 

7 

0.586 

43.42 

0.464 

(103  -  146) 

1.039 

it 

0.848 

1.534 

ii 

1.299 

72 

7 

0.568 

44.03 

0,452 

(103  -  146) 

1.092 

ii 

0,907 

1.473 

IT 

1.274 

73 

7 

0.568 

43.71 

0.453 

(103  -  146) 

1.085 

IT 

0.899 

1.509 

IT 

1.269 

75 

8 

0.562 

43.65 

0.598 

He  si due 

1.012 

ii 

1.101 

56 

q  T)  TT 

O  x  i. 

0.640 

43.72 

0.421 

Crude  as 

1.020 

IT 

0.702 

stabilized 

1.686 

II 

1.207 

57 

ii 

0.464 

44.05 

0.308 

0.975 

IT 

0.673 

1.510 

IT 

1.083 

59 

ti 

0.525 

42.97 

0.344 

1.002 

IT 

0.685 

60 

it 

0.680 

4-".  51 

0.449 

1.107 

IT 

0.764 

1.507 

11 

1.085 

62 

n 

0.547 

43.16 

0.362 

1.063 

IT 

0.725 

1.741 

II 

1.279 

1.41716 


0.7390 


.  107.3 

112.9  103.5 

117.8 

j 

108,3 


113.2 

103,  6 

1,41706 

0.7390 

116.4 

127,0 

131,0 

135.8 

121,1 

1.42777- 

0,7573 

126.1 

131.5 

137.0 

121.1 

1.42777 

0.7573 

127.2 

132 , 1 

134,0 

122.0 

1.42757 

0.7573 

1  169.6 

174.8 ' 

163 

1.44590 

not  determined 

104.8 

109.4 

99.2 

1.40366 

0.7197 

114.1 

105.0 

109,3 

113.6 

101.0 

1.40346 

0.7197 

106,3 

in.  o' 

100.8 

1,40346 

0.7197 

105.7 

110.3 

115.2 

98.9 

1.40406 

0.7197 

106.8 

110.0 

101,0 

1.40396 

0.7197 

118.3 


on  the  basis  of  work  by  ^all  end  °rnith  (35)  referred  to 
previously. 

The  value  of  the  true  mean  molecular  wei  ht  of  each 
fraction  was  found  by  extrapolation  to  zero  depression  of 
the  freezing  point.  The  fracti  ,  ,  , 

Series  I  did  not  differ  greatly  in  boiling  range  and  the 
values  of  the  mean  molecular  weights  of  the  tliree  fraction 
were  nearly  the  same.  These  fractions, 
were  very  volatile  and  the  values  found  were  probably 
greater  than  the  true  Dlecul  '  ht  of  the  orig¬ 

inal  fraction.  This  error  was  caused  by  loss  01  solute 
due  to  vaporization. 

The  experimental  data  for  the  sterling  ~aC'.  ~ic 

,  >  are 

column  headings  in  Table  10  are  the  sane  as  in  Table 
The  values  in  column  7  of  Table  10  were  obtained  from  the 

graphs  shown  in  figure  21. 

The  linear  relationship  between  the  apparent  mean 
molecular  weight  and  the  dei  :  freezing  point 

is  apparent.  The  relationship  is  again  of  a  fairly 
regular ’character  in  passing  from  one  fraction  to  another 
This  is  indicated  h„  the  fact  that  the  lino,  are  nearly 
arallel.  The  slope,  i.e.  the  rate  of  iner 

apparent  mean  molecular  weight. 


* 

' 


, 


* 

■ 


* 
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MEAN  MOLECULAR  WEIGHT- DEPRESSION  °C 


'igure  20.  Apparent  Mean  ITolecula: 

against  freezing  ooint 
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Table  10, 


Sterling  Pacific  Naphtha  Series- II 


Data  for  L'ean  Molecular  '/eight  Determinations 


1 

2 

3_ 

4 

5 

Hun 

No . 

Fraction 
Boiling  Hange 

°0 

°o. 

W1 

w2 

77 

(  to 

1 

0.579 

43.09 

0.358 

75) 

1.308 

a 

0.832 

1,880 

ii 

.  1.267 

78 

1 

0.655 

43.51 

0.414 

(  to 

75) 

0.655 

Tf 

0.779 

1.716 

II 

1.170 

79 

(  to 

1 

0.677 

42.09 

0.397 

75) 

1.305 

IT 

0.808 

1.7  60 

rr 

1.152 

80 

(  to 

1 

0.748 

43.95 

0.478 

75) 

1.215 

If 

0.802 

98 

f  to 

1 

0.531 

43.93 

0.351 

75) 

1.112 

IT 

0.725 

1.514 

II 

1.056 

Note: 

Hrrors 

in  values  of 

g  shown  in 

column  5 

are  propably  great  o  J  o  the  volatile  nature  of  the 
solute  T  fraction  I).  The  values  in  7  are  probably  not 

very  accurate. 


81 

2 

0.594 

44.01 

0.367 

(75  -  100) 

1.261 

II 

.  0.819 

1.77  2- 

ri 

1.196 

2.245 ■ 

if 

1.574 

93 

3 

0 . 55 1 

43.76 

0.373 

(100  -  125) 

1.143 

IT 

0.819 

94 

3 

0.580 

43.77 

0.394 

(100  -  125) 

1.210 

IT 

0.852 

1.707 

IT 

1.253 

96 

3 

0.670 

45.57 

.0.455 

(100  -  125) 

1.207 

u 

0.840 

1.954 

ti 

1. 150 

*  £ 

7 

8 

!_ 

-earent 

M.M.W 

*  Refractive 

if.ivi.w 

Index 

Den  si  ty 

aoo.o 

102,9 

96.0 

1.37655 

0.6648 

108.9 

101.2  ' 
106.3 

96.0 

1.37636 

TT 

4*109.1 

7  97.1 

102.4 

108.3 

-101.3 

90,0 

1.37655 

TT 

104.7 

94.0 

1.37758 

i? 

' -90.9 

105.4 

94.6 

1.57683 

I? 

110,5 

'97.8 

102.0 

107,0 

111.1 


95,0  *  1.39357  0.6981 


0.7319 


103.5 


1.41038 

1.40969 


0.7319 


-IlH-  ~ 


1 

O 

£5 

4 

88 

4 

0.636 

44.00 

(125  -  150) 

1.186 

1 

1.773 

TT 

91 

4 

0.676 

43.29 

(125  -  150) 

1.236 

IT 

1.745 

TT 

84 

5 

0.688 

43.56 

(150  -  175) 

1.162 

ii 

1.616 

IT 

85 

5 

0.6  64 

43.46 

(150  -  175) 

1.227 

IT 

1.655 

IT 

2.092 

IT 

86 

6 

0.595 

43.48 

(175  -  207) 

1.085 

TT 

1.502 

IT 

87 

6 

0.616 

43.71 

(175  -  207) 

1.060 

IT 

1.574 

IT 

100 

Residue 

0.431 

43 . 5o 

(207  up  ) 

0.793 

IT 

1.255 

TT 

101 

Sample  from 

0.619 

43.91 

distillation  of 

1.181 

IT 

T*  V.1T.  residues  from 
Johnson's  work 

103  Sample  148  0.8G7-  43.76 

from  coal  hydro-  1.480 
generation 


8 


9 


5 

l 

.6 

1 

0,480 

119,6 

0.938 

125.2 

113.6 

1.463 

150.8 

0.505 

120.2 

0.972 

126.4 

115.5 

1.427 

1131.5 

0.584 

; 135 , 9 

1.038 

142.9 

126,4 

1.500 

148,7 

0,560 

1.087 

1  Do  •  5 
1142.1 

1.535 

150.4 

126.4 

2.033 

; 155,7 

0.576 

154.9 

1.086 

160 . 2 

144.9 

1.595 

170.0 

0.599 

! 15500 

1.079 

162.1 

144.9 

1.692 

171.2  . 

0.503 

186,8 

0.968 

; 195.2 

179, 

1.584 

202.0 

0.391 

100 , 2 

0.809 

1 108.5 

92 

0.7170 

131.8 

1.238 

1  oc ,  o 

129.5 

1.42416  0.7558 

1.42406  0.7558 

1.43420  0.7731 

1.43360  0.7731 

1.44184 

1.44164 

1,45617  ITot  enough  for 

density  aetermin 
-ti  on 

1.39096  0.6978 

1.54012  0.9462 


as  the  molecular  1  ht  of  the  fraction  Increases. 

' 

for  the  different  fractions,  the  t 
Ol  ec  "  ...  ‘  ' 

ment  of  the  apparent  mean  molecular  weight.  It  is  only 
necessary  to  draw  a  line,  thr 

parallel  to  the  other  lines  of  figure  21.  to  arrive  t  a 
fairly  accurate  value  of  the  true  mean  molecular  weight* 

The  fractions  in  Series  II  were  more  widely  sc  arated 
in  boiling  range  than  were  the  fractions  in  Series  I. 
Consequently,  greater  differences  in  the  values  of  the 
mean  m o 1 e cul ar  w e i gl 1 1 s  v / e re  obtained* 

Relations  of  lie  an  I'olecular  heights  to  other 
Physical  Properties. 

The  relations  between  the  mean  molecular  weights  of 
the  various  naphtha  fractions  and  their  physical  properties 
dens  it  c  Tractive  index  were  also  studied. 

be:  :  determinations  were  carried  out  using  a  10  c. 

cm.  density  bottle  at  a  temperature  of  20 
shown  in  Tables  9  and  10  are  the  mean  of  2  or  more  deter¬ 
minations  • 

The  refractive  index  of  each  sample  was  deteimi 
means  of  a  Pulfrich  refractomet er .  The  refractive  i.  ley 


Moltculi 


1 


FIC  21 


190 


igure  21. 


lie  an  Llolecular  <e 


t  £  olo tt  e&  again £ t 


freezing  ?oint  Depres£ion. 
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was  measured  irr  e-’.iut  el^  aft  ;  ' '  i  l  i  o  i  ‘  V  <.  la;  ' 

portion  of  solute  d  a  mean  molecular 

duo 

j.  This  minimized  errors  to  changes  in  oo  >sition 
of  the  fractions  caused  by  vaporization  of  the  low  boiling 
constituents  from  the  -venom eter* 

Mean  molecular  -eight-Refractive  Index  Relation. 

The  mean  molecular  weights  of  the  various  fractions 
are  shown  plotted  against  the  corresponding  values  of  the 
refractive  indices  in  Fig.  2. 

For  Series  II  the  relation  could  be  rep  re;  i  ted  by 
two  straight  lines  intersecting  at  a  mean  molecular  weight 
of  113,  approximately.  There  was  a  distinct  discontinuity 
at  this  point.  ‘his  b  3  e  to  the  naphtha  having  two 
distinct  types  of  compounds  in  it.  Such  a  pheno  o  i  t 
he  the  result  if  the  naphtha  came  fro:  two  dis'ti  ct  ro- 
ducing  horizons  in  the  well. 

For  Series  I  the  relationship  was  not  line  .  n  ;e 
deviations  from  linearity 

be  seen  that  the  points  followed  approximately  th 

of  the  two  straight  lines  for  the  fr  II* 

lie  an  Folecular  beight-Denfcity  Felation 


The  mean  molecular  weights  of  the  various  fractions 


11 8- 


MOLECULAR  WEIGHT  REFRACTIVE-INDEX  RELATION 


figure  2 


Mean  Molecular  Weight-Refractive  Index 
P.elat  ioi  s  fo  r  Ser  ies  I  and  eri  ei 


- 


are  shown  slotted  against  the  oo rre spending  values  of  t 
densities  in  figure  23. 

As  in  the  cate  of  the  .eun  molecular  wei  ht-r<  • '  ive 
re  3  *  o  n  t  eri  II 

are.  The  disco  J  itj  oo  e  same  mean  molecular 

weight,  n  3  11%  ,  ound  in  th e  refr 

relation  shown  in  Figure  22. 

This  was  to  he  expected  si  e  the  relatio:  bet  een 
density  and  refractive  index  was  linear  for  both  series 
of  fractions. 

Insufficient  mate-ial  w  at  aval?  hie  toe  t<  \  the 
density  of  the  residue  in  Series  II. 

Series  I  did  not  exhibit  a  linear  relation  '  . 
deviations  from  linearity  were  irregul*  r. 


Discussion : 

Reference  to  Fig.  24  may  help  to  explain  the  differ* nt 
results  obtained  with  the  two  series  of  no*  -‘tha  xracuions# 
This  shows  the  molecular  * 

Orr  to  c9>  plotted  against  the  corresponding  r< 

i:  li  c  e  £  fl7). 


MEAN  MOLECULAR  WEIGHT 


MOLECULAR  WEIGHT-DENSITY  RELATION 


igure  23.  Mean  [ole  iulai  i  b-Densj 
for  Series  I  Lind.  Series 


TI 
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Table  11. 


The  h-7 

drocarb 

ons  indicated  >^.re. 

(a) 

rtr  TT 

1. 

Isopentane 

w  • 

Hormal  pentane 

(t>) 

Or  Hr 
Go 

3. 

Benzene 

• 

Dioropar^yl 

f  o ) 
fd) 

°6H14 

6  • 

clohe:  ane 
normal  Hexane 

7. 

2  methyl-pentane  and  3 

8. 

,  .  -  •  '  1  - 

(e) 

0  7H  Q 

9  • 

Toluene 

(f) 

°7H10 

10. 

drotoluene. 

11. 

2,  4  di hydro toluene 

fg) 

n  ti  ^ 

0  7-12 

12. 

4  met>  :  1  cL  clohexane 

13. 

a ' 

14. 

A* 

15  . 

A  ? 

(ii) 

C7H14 

16. 

Cyclopentane 

17. 

lie  t  by  1  cy  clohe  x  an  e . 

(i) 

G7H16 

18. 

normal  heptane 

19 . 

,  - 

20. 

2,  2- dim  ethyl- pea  t 

f : ) 

°8HiO 

21. 

ethylb  en  zene 

22. 

;  x„  1 

23 . 

meta  xylene 

24! 

para  xylene 

fk) 

^8%2 

25. 

-  -X 

f  l) 

C8H16 

26  • 

ortho  dimethyl-c  clohe 

27. 

m  e  ta  d  i  math  yl-  c  ycl  0  h  e  7 

28. 

dj  1-cycl 

(,  ) 


fn) 


9H20 


29. 

50  • 

2,  5  -  Dimethyl- 

31. 

rj  »t 

*  - 

. 

2  L  - 

53. 

s,  :  - 

34. 

Isoctane. 

35. 

3  eth  1  hexane 

36  • 

37. 

38. 

39. 

4  ethylheptane 

It  is  to  be  notea  that,  for  a 

the  refractive  index  decreases. 

The  relationship  between  molecular  weight  and  re¬ 
fractive  .  for  normal  pentane,  hexane, 

and  nonane  is  not  linear,  fhis  can  oe  s 
broken  nature  of  the  line  drawn  through  the  points  re¬ 
presenting  these  compounds  in  Figure  24.  ’*he  rel  ti 
is  of  the  same  general  nature  at  twat  oobaj.  eu 
X. 

n  22)..  This  similarity  is  to  be  e3  ected- 

method  of  distillation  use'  in  the  preparation  of  Sene: 
tended  to  giv  tion  i 

heptanes  an  d  Other  h  dr  oca  o  one  • 


MOLECULAR  WEIGHT 


[ 


FIG.  2V. 
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80 
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c 

fofl  o 
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REFRACTIVE  INDEX 


'igure  24 


Ll  i.  L.  u  -  ‘  S 


-1~  - 


' 

of  oarbon  at(  e  '  crea*  , 

V 


A  oru&e  naphtha  i:  hut  r  •  rA.  .at'-  u 
compounds  alone.  It  nap  contrii  any  i 


md  also 


ber 


a  c o n sec; u o •  c e  t he  ~ '  «  o o  f  v.\  < • :1 


o; 


"be  expected  to  give  a  linear  relation. 

The  A.  S.  T.  11.  distillati  on 
the  naphtha  fractions  in  Series  II  did  not  give 
fractionation  into  individual  cor  oi  -  . 

overlapped  the  composition  of  its  ir  odiate  neighbors  to 
a  considerable  extent  and  the  c  nge  in  :>rc  ertie.  :  ho  Id 


, 


measured  in  Series  II  are  the  average  pro] 
compounds,  no  sharp  disconti 

Bather  the  effect  of  individual  compounds  in  the  successive 
fractions  will  he  masked  by  the  ov  rlap  in  the  com  osition 
of  the  successive  fractions. 

The  relationships  between  the  mean  molecu 
and  density  and  refractive  i:  le: 

Series  II  is  more  nearly  linear 

form  ch  A  ion  to  fraction;  i.e.  to 

" 

ties  hut  into  groups  differing  mi fc 


. 


An  effort  to  oheol  the  reliabi' 

ined  in  T’ig.  22  ana 


o.  ,  re¬ 


amer  Tall 


previousl  in  this  laboratory  was  e^.iineu. 

3CUl 

on  the  lines  determined  II;  fof. 

Table  10)  a  result  of  1 

To  learn  whether  the  relation  J  outai; 

acteristic  of  the  Sterliu  pacific  na  hf  ,  t- 

-  '  : 

prepared  from  the  hydrogenation  of  coal  (9il  ~  19  c 

cf.  Run  103  Table  10.). were  de 
■of  the  results  obtained  showed  that, 
molecular  v/eiyht  (129.5)  of  oil  (ian/le  I-'--)  i 
within  the  range  found  for  the 
. 

were  entirely  beyond 
refractive  index  found 
mind  that  this  oil  from  coal  v/at  Mg  1. 

Efinie  i 
unexpected. 


ton 


lid 


.  'jt 


w  lin 

n  molecu 

1 

,  •  *  ,  t 

' 

o. 

m- 

' 

, 

os  o f  8am 

.  ^ 

in  d  in 

a  very  short  time. 

# 

or 

heriesll  ..ill  b:  co  ,?i 

4.1  • 

t  lab- 

c 

, 

si:  Mar 

ifj  ,  the  curves  given  may  be  used  in  the 

termination  of  mean  molecul  .r  weights. 


Comparison  with  Pesuits  of  other  Observers. 

Steed  f 44 )  obtained  a  linear  relationship  between 


; 

mean  molecular  weights  a.  d  specific  gravit 
of  close-cut  fractions  of  petrolc  oil* 
he  used 

His  results  are  therefor,  ver^  suite. hi' 


i 

.  -  *, 


purposes* 

it h  oi  Is  c 

ecular  weights  seem  to  1 

a  relationship  between  viscosity  and  re 

e .  g .  h  ,  luei  ( 9 ) 


Hoes  s  f IS ) 
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ITui  .urou.  i  :  v w '  tip  '.or  e.i  rod  '  '  II 

. 

20  and  21.  Amc  e  I  {50) 

Steed  (44). 


indices  of  two  series  of  f  1 

Pacific  naphtha  have  been  determi  ned  and  compared. 

Series  T  and  II  the  relation 

freezing  point  v/as  found  to  be  linear. 

^or  Series  II  the  relationship  bet  'ecn.  the  rean  ol- 
lar  weight  '  , 


refractive  indices  was  found  to  be  linear  u 
molecular  weight  of  115.  &.  change  of 

this  point  but  beyond  this, 


to  a  mean 


occurred  at 


linear 


Table  1~ 


Serie 

TT 

ug  Pacific 

ction 

0. 

• 

Density 

. 

lie  an  To  locular 

Refractive 

1 

- 75 

. 

1,37 65 

75  -  100 

.  '  1 

93,0 

1.39357 

o 

100  -  125 

0.7319 

103.5 

1.409C9 

125  150 

0.7550 

113.5 

1.42406 

150  -  175 

0.7731 

126.4 

.  2  . 

6 

175  -  207 

144.9 

1.44164 

7 

179 

1. 

.  oept  fo r  the  lower  boiling 
2,  duplicate  determinations  of  th< 

11  within  ly£*  -  or  fractions  4f 
ag reement  on  dup li  c a t e £  vip. s  we  1 1  w i t h in 
gives  reproducible  results  unless  tne 


0]  1  i.  os  .  ibl 

mol  cular  wei.  ltt 

, 

.  ’ . 

ilute  is  very 


volatile. 


Part  III 


Intro due tic n 
I 

was  not  iccessa  „  to  e  tsure  t e 

the  volume  of  liquid  solvent  v  in  u- 

sufficient  data  for  calc  1  '  i  th<  c  . 

,  Lex  B  » 

found  in  Turner  Vail  , 

Is  the  next  step  in  the  research  being  conducted  in  this 
laboratory  is  to  deal  with  such  a  co  lex  systu.  ,  i-  v:  s 
ound  necessary  to  develo  a  m  e  ai  or 
ments.  This  section  gives  a  description  of  the  a 
devised  for  the  measurement  of  the  volume  of  the  n  gas 
and  data  obtained  from  preliuinarp 

?  -  7  curve  of  Sterling  Pacific  (ho.  2)  natural  £  • 

gas  is  to  be  used  ii  the  researc ■■  alon 
nauht ha  fro m  t n e  sam e  t  our  c e. 


hie  a'-oaruou: 


Apparatus 

devised  for  the  measurement  of  the  in 


•as  is  shown  in  ^igures 


ana  - 


?he  .as  lane; 


storage  and  purification  s 


hue 


' 


-loU- 


Pf  j 


•  • 


' 

accurately 

pressure  of  the  gat  it  transmitted  to  sh* 

- 

PI 

Under,  D,  which  is  fit 

na-o  e  .  »  - 

inject  mercury  into  th  cylinder ,  B*  »  » 

he  maintained  at  a  constant  temperature  hy  means  of  an 
• oally  heated,  th 

,  oil  1  »  •  •  -  » 

stirrer,  I.  The 

ir#  0.  is  operated  manually  . 

the  lever,  a* 

Connection  to  the  piston  gauge  is  made  through  the 

the  mercury  level  in  the  tube  is  indicated  oy 
the  gal 

’ 

circuit  is  completed  nd  I  g  ilr  ■ 
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'araulic  i  ercur  urn] 


-lc 


?ig-ure  26. 


rdra J.li  o  Ilercuiy  i'tunp 
( aic:rrraj : r  lat  i  c ) 


-1 


essential  that  oontact  between  tl  11 

be  known  anci  controlled. 

The  method  of  operatic  as  .  us- 

tatically  controlled  oil  ,  , 

.  V  lyes  1  and  2  ar  f  f 

.  )  - .  ,  l  lve, 

to  enter  the  cylinder  from  the  storage  -ntil  the  pressure 
as  determined  by  the  piston  gauge  Js  that  desired.  Valve 
it.  Valve,  8  (Fig.  5)  on  tl 
apparatus  is  opened  and  the  gas  allowed  to  enter  the 
evacuated  solubili  .  , 

.  lve,  , 

the  pressure,  as  shown  by  the  piston  gauge,  is  the  same  as 
.  Valves,  1  an  14  ,  ,  ,  , 

02  solubility  s  losed* 

by  means  of  valve,  2,  the  mercury  pumped  i 

sylinder,  D,  i  lly, 

weight  of  the  mercury  and  knov/led  e  of  its  density  at  the 
.  ed,  the  volume  of  mercury  pu 
cylinder  can  be  found.  Tftiis  vol 

fro;  the  cylinder,  D,  at  the 

pressure  measured  by  the  piston  gauge;  i.e.  it  io  e-  ual  to 
the  volume  of  gas  added  to  the  solubility  apparatus  at 


“lwo** 


working  pressure.  It  may  be  poin  b  this 

apparatus  oan  serve  many  purposes.  In  regard  to  work  of 
nature  described  In  this  report,  it  ioul  *ly 

ful  in  determining  the  P  -V  relations  of  v  rh  i:  t  .  ^ 
of  liquid  and  It  can  also  he  used  to  show  the  limits 

of  two  phase  and  single  phase  regions  by  discontinuities  in 
the  ‘  l  P  -  V  lii  .  Ls  yet  o  1 

surements  have  been  made  with  this  ap  a 

In  essential  preliminary  step  in  connection  v/ith  the 
work  on  the  vapor-liquid  equilibria  of  t  e  ’lii  Pacific 
easurement  of  the  P  -  7  curve  for  as eous 

part  of  the  system.  Such  data  is  necessary  primarily  in 
order  that  the  mass  and  volume  of  gas  added  to  the  sol- 
ub  i  1  i  t  y  ap  p  a  r  at  us  t  un  der  s  t  and  ar  d  co  nd  it  ions, 

.  Lti  the  1  lubili 

is  carried  out  1  3  .  ns  of  the  appars 

Additional  interest  is  attached  to  sue'  data  sir  -  it 
disclos  .nner  in  which  complex  natural  gas  deviates 

from  ideality. 

The  measurements  were  made  in  the  usual  manner  of 
expanding  a  known  volume  of  the  gas  from  a  known  pressure 
and  temperature  tc  heric  pressure.  Tb 

temperature  of  the  expanded  gas  was  then  measured.  The 

,  , 


—  ±W  t  — 


ssure  vessel.  Pressures  were  measured 

' 

was  25°C.  The  gas  was  expanded  into  the  analytical  appar- 
,  *  ,  transferred  o 

3 

s 

. 

'  ' 

.  , 

the  gas  deviates  ver  widely  i  ity.  nhe  figures 

for  Oa  used  in  previous  work,  and  containing  onlv 

..  ison# 


Pacific  gas  at  25° 


-  7 


Pressure 
in  atm. 

■pv 

?o^o 

17 . 9  3 

0.9430 

34.92 

0.9013 

51.95 

0.8572 

68.97 

0.  t  " 

85.98 

0.7774 

103.0 

0.7379 

Table  17. 

on  Sterling 

c.c.  expanded  gas 
per  c.c.  of  pipette 

19.02 

38.75 

60.60 

84.44 

110.6 

139.6 


( Sas  3) 

£0»0 

( 35,  . ) 

0.8900  (C7.9  atm.) 

C.BD7 2  (101.8  atm.) 


, 


■ 
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General  Sunj:ar„ 

’’’he  two  has  a  i  '!■  dlit;  e  uilibri  b<  t  .  ^  n  a  natural 
gas  (95.  met  )  and  a  ixtux  of  1.  .  .  tui  e  and  isopentane 

. 

compared  to  results  obtained  in  prcvii  or’;  with  the 
gas  and  jure  n-pentane. 

for  the  production  of  pare  methane  (59.  ) 

low  temperature  fractions!  distil]  I  has  b  en  described* 
The  two  phase  solubility  equilibrium  between  re 

-  3 

and 

n 

a  gas,  taining 

■ 

heptane. 

le,  relative] 

•  Li  ]  ■  "  ights  in  solution  has  bee 3 

,  indices, 

' 

Pacific  (ho.  2)  naphtha  have  been  deter;  hied. 

linear  relationship  between  the  can  ..d  oc  ”  .  r 

weights  and  fefractive  index  and  between  the  mean  molec  lar 

■ 

weights  and  densities  has  been  found  for  a  scries  of 

j  .....  5 

11  ’  range  of  molecular  weights* 

nhe  curves  obtained  are  believed  to  be  characteristic 
of  the  Sterling’  Pacific  nap  lit  ha. 


-13C- 


a  rat  us  Y/hic  h  Is  to  be  used  in  the  study  of 
vapor-liquid  equilibria  of  a  complex  naturally  occurring 
.  -  scribed.  tue  enables  the 

injection  of  known  5asf  » 

into  the  solubility  apparatus  or  other  apparatus.  It  can 
also  serve  as  a  convenient  apparatus  fD  r  determining 
isothermal  f  -  V  curves  for  any  sj 

»  n 

Sterling  Pacific  TTo»  2  natural  gas  hi  v 
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